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In 2015, the Naval Oceanographic Office collected vector sensor data in approximately 
100 meters of water southwest of Panama City, Florida in the Gulf of Mexico. The vector sensor 
was deployed at a center mass height of one foot above the seafloor and de-coupled from its 
mooring through lightweight springs to measure local acoustical pressure and particle velocity.  
Accuracy of the data across frequency and source azimuth is measured by evaluating 
acoustical impedance as a function of frequency and source azimuthal direction. Results indicate 
the vector sensor has an effective band from 50 to 450 Hz with mooring reflections and resonances 
degrading performance above this band. Localization using three spatial processing methods are 
analyzed for high and low Signal to Noise Ratio (SNR) sources. Directional accuracy is 
approximately 3 degrees up to 350 Hz and 10 degrees above 350 Hz.  
Noise sources from air guns, ships, and mammals are spatially processed and the results 
show that the vector sensor is capable of discriminating the location of two high SNR sources in 
the environment that are sufficiently separated in either location, time, or frequency. 
Keywords 
acoustic impedance, acoustic intensity, acoustics, additive, air gun noise, beamforming, 
eigenvalue decomposition, Fourier transform, Gulf of Mexico, hydrophone, MUSIC, ocean 
currents, particle velocity, power spectral density, shipping noise, signal to noise ratio, spatial 
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Omni-directional hydrophones measure ocean acoustic noise by detecting pressure 
differences over time. Acoustic vector sensors measure both pressure and particle velocity or 
acceleration differences over time and can provide benefits over a single hydrophone, including 
source bearing and SNR enhancement.2 These benefits are possible because particle velocity is a 
vector, i.e., it has both magnitude and direction. While vector sensors offer advantages, they also 
present challenges, including imperfect coupling to the seawater and mechanical resonances. 
Imperfect coupling due to mass loading effects will reduce the sensitivity of a vector sensor. 
Mechanical resonances within the band of interest will create magnitude and phase distortions and 
limit the effectiveness of a vector sensor.  
Both pressure sensors and vector sensors can be used as single elements or combined to 
form sensor arrays to increase effectiveness and capability. All the processing techniques for 
hydrophone arrays can also be used with Vector sensors and Vector sensor arrays. Vector sensors 
are also more compact in that source direction can be estimated with a single vector sensor whereas 
there must be at least two pressure sensors ideally spaced by a half wavelength of the frequency 
of interest to estimate direction. A single vector sensor is not ‘cut’ to a certain frequency and is 
broadband in nature. In addition, vector sensors do not have the left-right ambiguity associated 
with hydrophone arrays. Due to the vector nature of particle velocity, direction of a source is 
known without having to move the array as is normally done with a linear hydrophone array. These 
features make vector sensors an attractive alternative to hydrophone arrays. 
2 
 
In April 2015, the Naval Oceanographic Office deployed one bottom moored velocity-
based vector sensor south of Panama City, Florida, where it collected data for approximately two 
months. This thesis will examine and evaluate the directional response accuracy of the vector 
sensor using spatial processing techniques, including standard, acoustic intensity, and Multiple 
Signal Classification (MUSIC) beamforming. The paper will also compare the three spatial 
processing methods used with the data collected by the vector sensor.  The primary method for 
determining directional accuracy will be using known ship transits around the vector sensor’s 
location. These transits, in the form of a 10 kilometer wagon wheel pattern about the vector sensor, 
were conducted by the vessel immediately after deployment. Ships, weather fronts, and marine life 
details were recorded during the time the vector sensor was in-situ and these will also be 
characterized for directionality. Results obtained will be used to estimate the Direction of Arrival 
(DOA) accuracy obtained with this system over its frequency band of operation.  
There is extensive literature on the usage of vector sensors in the ocean. Vector sensors 
have been used in marine mammal research and ocean oil exploration.3,13,14 For oil exploration, 
directional ambient noise systems have been used to locate marine mammals for avoidance during 
high power seismic surveys. For marine mammal research, vector systems are used to isolate and 





Relationship Between Pressure and Particle Velocity 
The acoustic wave equation for a small sphere radiating power at a location R in spherical 













𝑝(𝑅, 𝑡)        (1)  
where 𝑝(𝑅, 𝑡) is the outward traveling pressure signal. The solution to this equation takes the form: 







         (2) 
Pressure at any radial distance is related to the source power, frequency, and the speed of sound in 
the media of propagation.  
The particle velocity is related to the pressure field by: 
𝜕𝑝(𝑅.𝑡)
𝜕𝑅
+ 𝜌𝐴  
𝜕𝑢(𝑅,𝑡)
𝜕𝑡
= 0         (3) 
Where 𝜌𝐴 is the density of the media and 𝑢(𝑅, 𝑡) is the particle velocity in the radial direction. 
Substituting (2) into (3), the relationship for pressure and particle velocity: 
𝑝(𝑅, 𝑡) (1 +  
1
𝑖𝑘𝑅
) =  (𝜌𝐴𝑐)𝑢(𝑅, 𝑡)         (4) 




The acoustic impedance, 𝜌𝑐, is the scaling factor between the pressure and particle velocity 
magnitude. The particle velocity is in phase with pressure for large kR, or many multiples of 
wavelengths from the source. For reference, at 50 Hz, 100 meter distance, and a speed of sound of 
1,500 meters per second, the particle velocity is 2.7° out of phase with the pressure field for an 
acoustic plane wave in seawater. To minimize phase mismatch between the pressure and particle 
4 
 
velocity sensors, all sources used in this paper were at ranges greater than 100 meters from the 
vector sensor. 
Acoustic waves transmit energy. The acoustic intensity is defined as the average rate of 
flow of energy through a unit area normal to the direction of propagation.1 Over one complete 
cycle, the acoustic intensity is: 






         (5) 
Because the particle velocity, u, is a vector quantity, acoustic intensity is a vector quantity. Vector 
intensity processing, in either the time or frequency domain, can be used to locate the direction of 
a source. 
For the data collected in the Gulf of Mexico, it is assumed that sources are in the far field 
(over 100 meters from the vector sensor) and the resultant noise field at the vector sensor will be 
the linear sum of the individual sources. Deviations of phase and magnitude between the particle 
velocity and pressure channels are due to mass loading, mechanical resonances, near field sources, 
reflections from boundary layers (e.g. the ocean surface and bottom as well as the mooring), and 
biologic sources. Mass loading will damp the particle velocity magnitude across the frequency 
band. Mechanical resonances will exhibit peaks in magnitude and rapidly changing phase shifts in 
the particle velocity data at the resonance frequency.7 Reflections from boundary layers will be 
present in both the hydrophone and particle velocity data. Small fish and invertebrates that 
physically interact with the vector sensor and the mooring are expected to predominantly affect 
the particle velocity sensor and these data will be discarded.  
Mechanical resonances in the particle velocity sensor will degrade the vector sensor’s 
capability, since phase mismatch between particle velocity and pressure will reduce the directional 
output. In dB, this is: 
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𝐿𝑜𝑠𝑠𝑝ℎ𝑎𝑠𝑒 = 20 ⋅ 𝑙𝑜𝑔10(𝑐𝑜𝑠(𝜙))        (6) 
where 𝜙 is the offset between the pressure and particle velocity channels. When the phases are in 
alignment, there is no degradation, while at 𝜙 = 90° the loss is infinite, indicating no advantage 
is gained by using the particle velocity channel. At 45° mismatch, the loss is 3dB. Since the 
theoretical maximum array gain of a single unit vector sensor over that of an omnidirectional 
pressure sensor alone is 6dB, phase mismatch can severely limit the effectiveness of a vector 
sensor.  
Since the particle velocity sensor is susceptible to self-noise due to mass loading and 
mechanical resonances, it is typically isolated from the mooring using rubber mounts, springs or 
bungee cords. In addition, the vector sensor housing itself has inherent resonances which if in-
band will degrade the quality of the data. In the Gulf of Mexico, the vector sensor was contained 
in a spherical housing mounted on a trawl resistant mooring resting on the sea floor with light-
weight springs used to isolate the vector sensor from the mooring to reduce mechanical resonances 




Vector Sensor Beam Pattern 
Vector sensors consist of an omnidirectional pressure sensor and a three axis particle 
velocity sensor in which both sensors record measurements simultaneously. The pressure sensor 
is usually mounted as close as possible to the particle velocity sensor so that ocean noise is 
measured at the same location. A plane wave source in an isotropic noise field will produce a 
cosine response beam pattern in the particle velocity sensor and a directionless response in the 
pressure sensor. When the two sensors are combined, a cardioid beam pattern is the resultant, 
shown in figure 1.  
 
 




 The beam pattern as a function of azimuthal direction for a single vector sensor is shown 
in figure 2. The vector sensor has only a main lobe with a 3 dB beam width of 130°. This is much 
wider than a four element linear hydrophone array, but the vector sensor resolves the left/right 
ambiguity that is inherent in omnidirectional linear sensor arrays. For comparison, figure 3 depicts 
the beam pattern of a linear four element hydrophone array and a linear four element vector sensor 
array when steered broadside to the arrays. Here, the 3 dB beam widths are both about 26° wide, 
but the four element vector sensor does not have the left/right ambiguity, and consequently has a 
much lower response for signals arriving opposite the steered direction.  
 





Figure 3 Beam pattern comparison between 4 element vector sensor and hydrophone array 
 
If two equal power high SNR non-coherent signals are impinging on a single element 
vector sensor, then the signals must be separated by about 130° for a standard beamformer 
algorithm to separate the signals into their respective directions, otherwise the maximum response 
is the mean of the directions of the two signals. With the broad beam of a single vector sensor it is 
advantageous to know the acoustic environment so that signals can be separated as much as 
possible with respect to both frequency and time to obtain the most accurate DOA possible.  
Vector Sensor Non-Parametric Processing 
Signal processing can be divided into two general classes, parametric and non-parametric 
methods.11 In non-parametric techniques, no knowledge is assumed of the dataset and the 
environment prior to processing. Non-parametric spectral estimation methods, including 
windowing and using the Fourier transform, analyzes the frequency content of a dataset. Non-
parametric spatial methods are performed similarly where the basis set used is the direction vector, 
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𝑎(𝜗), which is a function of the array, and analyzes the spatial content of a dataset. For a single 
vector sensor, the direction vector is defined as: 
𝑎(𝜗) =  [𝜗ℎ𝑦𝑑 , 𝜗𝑥, 𝜗𝑦, 𝜗𝑧]
𝑇
=  [1, cos 𝜃 cos 𝜑 , cos 𝜃 sin 𝜑 , sin 𝜃 ]𝑇       (7)  
where 𝜃 is the angle of elevation, and 𝜑 is the azimuthal angle.  
Vector sensor processing for directionality and signal enhancement can be performed in 
either the time domain or the frequency domain. For each domain, there are two general non-
parametric techniques: additive and acoustic intensity processing. Additive processing is the 
summation of pressure and particle velocity data for each look direction1:    
𝐷(𝑙) =  
1
𝑤+1
⋅ 𝑝(𝑡) +  (1 −
1
𝑤+1
) ⋅ 𝜌𝑐 ⋅ [𝑥(𝑡)𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜑 + 𝑦(𝑡)𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜑 + 𝑧(𝑡)𝑠𝑖𝑛𝜃]  (8) 
where 𝑙 is the look direction and 𝑤 is the vector sensor weighting (one for equal weighting between 
particle velocity and pressure). Total power for each direction is then calculated, and the look 
direction with the most power is the estimated direction of the source. This is the optimal method 
for detecting weak signals in a noisy environment.2 
In acoustic intensity processing, the acoustic intensity is typically calculated in the power 
spectral domain. First, each of the four sensor datasets (one pressure plus three particle velocity) 
is windowed and transformed to the frequency domain. Next, the cross correlation matrix is 
calculated. Finally, the cross spectral density matrix (CSDM) is formed: 




        (9) 
𝐶𝑆𝐷𝑀 =  [
𝑆11 𝑆12 𝑆13 𝑆14
𝑆21 𝑆22 𝑆23 𝑆24
𝑆31 𝑆32 𝑆33 𝑆34
𝑆41 𝑆42 𝑆43 𝑆44
] 
             =  [
𝐶11 𝐶12 + 𝑖𝑄12 𝐶13 + 𝑖𝑄13 𝐶14 + 𝑖𝑄14
𝐶21 + 𝑖𝑄21 𝐶22 𝐶23 + 𝑖𝑄23 𝐶24 + 𝑖𝑄24
𝐶31 + 𝑖𝑄31 𝐶32 + 𝑖𝑄32 𝐶33 𝐶34 + 𝑖𝑄34
𝐶41 + 𝑖𝑄41 𝐶42 + 𝑖𝑄42 𝐶43 + 𝑖𝑄43 𝐶44
]   (10) 
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where 𝑤(𝑘) is the window, 𝑥𝑖[𝑛] is the i
th sensor, Sij is the cross spectral density between the i
th 
and the jth sensors, Cij is the real part of the cross-spectra, also known as the active intensity, and 
Qij is the imaginary part of the cross-spectra, also known as the reactive intensity. The 
* denotes 
complex conjugation. The CSDM can be used to determine the source direction of a signal:  
𝜑 =  𝑡𝑎𝑛−1
𝐶13
𝐶12






                     (12) 
Intensity processing is faster than additive processing since look directions aren’t evaluated. Once 
the CSDM is formed, the source direction can be immediately calculated. 
Vector Sensor Parametric Processing 
Along with the non-parametric techniques discussed above, parametric methods such as 
Multiple Signal Classification (MUSIC) and Estimation of Signal Parameters by Rotational 
Invariance Techniques (ESPRIT) can be used for parameter estimation of vector sensors and 
spatial arrays in general.12 Parametric, or model based methods, use features of the dataset in an 
attempt to obtain better resolution than is possible with non-parametric techniques. These 
parametric methods are highly accurate when the vector sensor is in an environment with non-
coherent signals, high SNR, and a known number of sources.  This paper will analyze the benefits 
of using MUSIC to process the vector sensor data for DOA, in particular when there is more than 
one signal in the environment.  
MUSIC uses eigenvalue decomposition of the covariance matrix to separate the signal and 
noise subspaces of the dataset. Since the covariance matrix is Hermitian, all eigenvalues are real 
and positive and the eigenvectors form an orthonormal set in which each eigenvector lies along a 
principal axis of the dataset. These principal axes align along the directions of the signal and noise 
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fields. The eigenvectors corresponding to the greatest eigenvalues are the signal subspace and the 
remaining eigenvectors are associated with the noise subspace. Since the noise subspace 
eigenvectors are orthogonal to the signal subspace, they can be used to determine the direction of 
the source(s).  
The 4 x 4 covariance matrix of the vector sensor is 
?̂? =  
1
𝑁
∑ 𝑥(𝑛)∗𝑥(𝑛)𝑁𝑛=1          (13) 
where x(n) is the n x 4 dataset in either the time or frequency domain and N is the length of the 
data. In the time domain, the dataset is filtered for the band of interest prior to forming the 
covariance matrix. In the frequency domain, only the bins of interest are used. In both domains the 
particle velocity data is converted to pressure prior to forming the covariance matrix.  
 The eigenvalues and eigenvectors are calculated from the covariance matrix using the 
Matlab singular value decomposition function, svd, which places the eigenvectors and eigenvalues 
in two descending order matrices. The noise space eigenvectors are extracted to form a matrix of 
orthonormal set of vectors, ?̂?. With a single vector sensor, ?̂? is either a 4 x 2 matrix if two sources 
are presumed to be in the environment, or a 4 x 3 matrix for one source. Since this vector space is 
orthogonal to the signal space, the following will be a maximum when the vector sensor is steered 
toward the sources.12 
1
𝑎∗(𝜗)?̂??̂?∗𝑎(𝜗)
           (14) 
For a single vector sensor, MUSIC is capable of discerning the directions of two non-
coherent signals spaced 30° apart with the same amplitude and an SNR (white Gaussian noise) of 
25 dB to within 5°. If one signal is 10 dB less than the other, MUSIC can discern the direction to 





Figure 4 DOA for two signals using MUSIC 
  
MUSIC does not work well with coherent signals. Since real world signals will vary in 
coherency over time and frequency, it is necessary to analyze the dataset and the result to estimate 
how close the solution is to the actual source directions.  
Spatial Processing Methodology 
The four channels of vector sensor data were collected by the recorder simultaneously in 
records of interleaved samples and then stored to disk. After retrieval of the vector sensor, these 
data were separated into individual vector sets, one for each data channel, and then merged into N 
x 4 matrices, where N is the length of samples for the current working set of data. The data were 
then converted to their respective units, micro-Pascal for the hydrophone and cm/sec for the 
particle velocity channels. After that, there were two common routines performed on each dataset, 
one for time based and one for frequency based processing. These routines prepared the datasets 
for beamforming in a consistent manner.  
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Figure 5 is the flow chart for processing the data prior to beamforming in the time domain. 
Each dataset consisted of an N x 4 matrix with one column per channel and N samples in length 
where the data is defined as: 
𝑥(𝑛) =  [𝑥ℎ𝑦𝑑(𝑛); 𝑥𝑥(𝑛); 𝑥𝑦(𝑛); 𝑥𝑧(𝑛)]        (15) 
where n = 1…N and the semi-colon is the column separator.  
 The first step in the process was to apply a 20-point band pass Butterworth filter to isolate 
a given frequency band for evaluation. A Butterworth filter was chosen because it is constant gain 
in the passband (no ripple) with 3 dB attenuation at the passband lower and upper limits. The filter 
was widened slightly greater than the band to be examined so that the entire frequency range was 
as flat as possible. In Figure 6, the filter used for the 50 to 100 Hz band was widened to 45 – 105 
Hz. There is some contamination outside the band of interest, but the roll off of the filter was sharp, 
with an attenuation greater than 20 dB at 40 Hz and about 10 dB at 110 Hz for this particular band.  
The Matlab function filtfilt was used to apply the filter to the data. It is a zero-phase filtering 
technique that applies the filter in the forward and reverse direction. The main reason for using 
this filter was to avoid filter issues at the beginning and end of datasets. However, the data used 
for processing was usually very large, at least one million samples, so the beginning and ending 
effects of digital filtering relative to the entire dataset would have been minimal. Phase delay 
introduced by the filtering had no impact on the vector sensor since each channel was filtered 
equally.  
Once filtered, the particle velocity was converted to pressure using the average value of 
acoustic impedance in seawater, multiplied by the weighting factors discussed earlier, where the 
weighting factor used was a function of the frequency band. After that, the data was ready for 





Figure 5  Time domain pre-processing flow chart 
 
 





Figure 7 Frequency domain pre-processing flow chart 
 
 
Figure 7 is the flow chart for frequency based beamforming pre-processing. To prepare the 
data for processing in the frequency domain, the particle velocity was Hann windowed and then 
transformed to the frequency domain. Next, the particle velocity data was converted to pressure 
using the acoustic impedance of sea water and the weighting factors discussed above. Only the 
bins of current interest were kept. Then, if peak frequency processing was desired, the hydrophone 
bin with the greatest magnitude was selected, and the remaining bins were discarded. Once 
completed, the data are in an n x 4 matrix, where n is the number of bins that have been kept. Since 
the vector sensor is sampling at 2,500 samples per second per channel, processing was also in 
2,500 samples per channel for a frequency bin width of one Hertz. 
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The process for additive beamforming in the time domain is shown in figure 8. Time 
domain additive beamforming takes the output from figure 5 and beamforms the n x 4 matrix of 
data by weighting the particle velocity data by the direction vector 𝑎(𝜗), then summing all four 
channels. This give the look in a particular direction defined by 𝑎(𝜗).  
For this thesis, all beamforming was done in 1° increments, so each beamformed matrix is 
180 x 360 (elevation x azimuth). Once the spatial matrix was calculated, the power was calculated 
at each angle, with the angle of highest power being the direction of a source.  
 
 
Figure 8 Additive beamforming in the time domain 
 
Additive beamforming in the frequency domain is very similar and uses the direction vector 
𝑎(𝜗) on the frequency bins retained. Once the spatial matrix is filled, the spectral density is 
calculated for each look and the angle with the highest power is the direction of the source. Figure 
9 is the flowchart for the process used. If multiple frequency bins are used, then the bins are first 






Figure 9 Additive beamforming in the frequency domain 
 
Next is intensity processing in the frequency domain (figure 10). This process is the fastest 
as beamforming is not necessary. Intensity processing calculates the elements in the CSDM from 
the n x 4 matrix of frequency data. When more than one frequency bin is being used, each 1 x 4 
dataset of frequency pairs are formed into a CSDM. Once all the separate CSDM matrices are 
formed, each corresponding elements of the CSDMs are added together to form a single, total 
power CSDM matrix representing the entire band. The source’s azimuthal direction is found by 
using the active intensity in the x and y directions. 
 
 




The process used for MUSIC beamforming in the time domain is shown in figure 11. Here, 
the N x 4 filtered time data is used to calculate the covariance matrix. Singular value decomposition 
is used to separate the noise and signal subspaces. The noise subspace is then multiplied by the 
direction vector and inverted. Since the noise subspace is orthogonal to the signal subspace, 
maximum pseudo-intensity will point in the direction of the source(s). If the source parameter is 
set to one indicating one source in the environment, then G is a 4 x 3 matrix. If the source parameter 
is set to two indicating two sources in the environment, then G is a 4 x 2 matrix. 
 
 
Figure 11 Music beamforming in the time domain 
 
The last beamforming method to be discussed in this paper is MUSIC beamforming in the 
frequency domain shown in figure 12. Here, the frequency data is converted to a CSDM in the 
same way as it was for intensity processing. If multiple bins are used, then multiple matrices are 





Figure 12 Music beamforming in frequency domain 
 
Finally, the spectral density was corrected for windowing, DFT size, and bandwidth size 
according to Harris.4 The correction factors in dB used were: 
𝑊𝑖𝑛𝑑𝑜𝑤 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 =  −20 log10(𝑠𝑢𝑚(𝑤𝑖𝑛𝑑𝑜𝑤))      (16) 
𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑁𝑜𝑖𝑠𝑒 𝐵𝑊 𝐹𝑎𝑐𝑡𝑜𝑟 =  −10 log10(𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑛𝑜𝑖𝑠𝑒 𝑏𝑤)   (17) 
𝐹𝐹𝑇 𝑆𝑖𝑧𝑒 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 = 10 log10 (
𝐹𝐹𝑇 𝑆𝑖𝑧𝑒
𝑆𝑎𝑚𝑝𝑙𝑒 𝑅𝑎𝑡𝑒
)       (18) 
Using a Hann window, a DFT size of 2,500, and a sample rate of 2,500 samples per second, the 
window correction factor is -61.9 dB, the equivalent noise bandwidth factor is -1.76, and the DFT 





Vector Sensor Test in the Gulf of Mexico 
 
In 2015, the M/V Seewee was hired to deploy and recover one vector sensor in the Gulf of 
Mexico in 100-meter water approximately 45 miles SSW of Panama City, Florida.  The vector 
sensor was in-water between April 3rd and June 20th. The vector sensor used was installed in a 
spherical housing and compliantly mounted to the bottom mooring by a series of lightweight 
springs to decouple the vector sensor from the mooring as much as possible. In this configuration 
the vector sensor recorded the noise environment close to the seafloor at a height of approximately 
one foot.  
 
Figure 13 Vector sensor deployment location 
 
Figure 13 shows the location of the vector sensor along with the oil exploration activity 
present in the Gulf of Mexico during the deployment timeframe. As will be shown later, low 
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frequency oil exploration activity was present in the ambient noise data in the direction of the M/V 
Osprey Explorer. 
After deployment, high speed passes by the Seewee (shown in figure 14) were used as a 
directionally known sound source close to the vector sensor. Navigation data including position 
and speed were recorded for the Seewee. The vector sensor was then left in the water to collect 
ambient noise and other noise sources, including passing ships and marine mammals.   
 
 
Figure 14 M/V Seewee transit pattern with times along outer wheel 
 
Vector Sensor Data 
The data collected from each vector sensor were recorded in four channels, one for pressure 
and one for each of the three particle velocity axes. The sampling rate for each channel was 2500 
samples per second for a total bandwidth of 1,250 Hz. Pressure was measured using a High Tech 
HTI-90-U hydrophone with a sensitivity over the system’s frequency band of -198 dB referenced 
to 1 volt per µPa. Particle velocity was measured using two Oyo-Geospace GS-11D geophones 
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connected in series for each of the three orthogonal axes. The sensitivity for each axis over the 
system’s band was 3.88 dB referenced to 1 volt per cm per second. The front end gain was 40 dB 
for the hydrophone and 52 dB for the particle velocity channels. The geophones were lightly 
damped with a resonance at 14 Hz and an effective passband between 50 and 500 Hz. Calibration 
of the system prior to the deployment was attempted but the results were inconclusive, so the above 
nominal responses will be used for this paper. It is within this band that the effectiveness of the 
particle velocity sensor was evaluated.  
I found that the z-axis particle velocity channel was not of much use in the DOA analysis 
performed in this paper, and was for the most part discarded. When the z-axis was included, most 
directional estimates were less than 10° from the azimuthal plane, in particular those estimates of 
the Seewee at 10 km distance to the vector sensor. Unless otherwise stated, all directional estimates 
are conducted in the x-y azimuthal plane. Also, days are referenced to the Julian calendar and time 
is Greenwich Mean Time (GMT), where local time can be calculated by subtracting five from the 
times given. 
 
One Week Spectrograms 
To get an overall sense of the quality of the data collected, one week spectrograms were 
produced for each of the channels for the entire dataset. For the spectrograms, the data were 
converted to physical units, multiplied by a Hann window, and transformed to the frequency 
domain using a 2500 point DFT for a 1 Hz bin width. The power was then obtained.  One hundred 
and twenty datasets were averaged to form 2-minute periodograms. This is Welch’s method with 





Figure 15 Pressure spectrogram April 3 - April 10 
 
 





Figure 17  Y axis particle velocity spectrogram April 3 - April 10 
 
 





Figure 19 Pressure spectrogram April 11 - April 17 
 
 





Figure 21 Y axis particle velocity spectrogram April 11 - April 17 
 
 
Figure 22 Z axis particle velocity spectrogram April 11 - April 17 
 
Several things stand out in the spectrograms. First, the z-axis is much quieter than the x 
and y axes, indicating most sound is arriving from the horizontal plane and is not coming from 
overhead. The vertical lines on day 0 (April 3 and April 4) are from the Seewee transiting around 
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the vector sensor. Low frequency noise from a distant air gun is present for both weeks, except for 
part of day 4 of the first week and part of day 5 of the second week. Also of note is the diurnal 
pattern to the noise across the band, with more noise occurring at local night than during the day. 
There are weather fronts that come through the area in both weeks, days 1 and 2 of the first week 
and days 6 and 7 of the second week. There is a peak in the spectrum around 500 Hz in all four 
channels. Since this is present in both the pressure and particle velocity channels, it is likely 
reflections from the mooring and not a mechanical resonance. Finally, there appears to be a peak 
around 180 Hz in the particle velocity channels, most pronounced on the z-axis, that is not present 
in the pressure channel.  
Acoustic Impedance Calculation  
For additive beamforming, it is desirable to have an accurate conversion factor between 
particle velocity and pressure to obtain the highest SNR and the most accurate DOA.  A lower than 
actual (as seen by the vector sensor) acoustic impedance would favor the hydrophone data while a 
higher than actual acoustic impedance would favor the particle velocity data. Weighting is also 
performed to achieve desired directional results as well as to compensate for axes with unequal 
sensitivity. Unequal sensitivity could occur due to shadowing from the mooring, mechanical 
resonances oriented along one axis, or a vector sensor that is tilted to one side.    
Because this particle velocity sensor is not perfectly coupled with the surrounding media, 
the acoustic impedance is weighted relative to the acoustic impedance of seawater to compensate. 
Due to mass loading and other effects, the acoustic impedance as seen by the vector sensor across 
the band varies and is not equal to the acoustic impedance of sea water. In an attempt to correct 
for mass loading, a weighting factor was estimated from the data and used for converting from 
particle velocity to pressure. Recordings used for calculating the weighting factor were selected 
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from the time when the Seewee was close to the vector sensor performing fly-by transits. These 
data were used because they presented a strong noise source across the band.  
In the time domain, the acoustic impedance as seen by the vector sensor can be calculated 
as follows: 









n=1          (19) 
where 𝑝𝑛 is the pressure in micropascal and 𝑢𝑛 is the particle velocity in cm/sec, both bandpass 
filtered for the desired band. A phase offset between the pressure and particle velocity channel due 
to resonances or noise present in one channel but not the other (for example, vibrations on the 
particle velocity sensor due to local marine animals) will introduce errors in this calculation. Care 
was taken to exclude data with such spurious noise. 
An alternative approach is to calculate 𝜌𝑐 in the power spectral domain over the desired 
bandwidth: 







𝑛=𝑙𝑜𝑤 𝑏𝑖𝑛        (20) 
where 𝑆ℎ,𝑛 and 𝑆𝑝𝑣,𝑛 are the power spectral density (PSD) for the n
th bin of the pressure and particle 
velocity channels, respectively. The spectral density is obtained by first windowing the dataset, 
transforming to the frequency domain and multiplying by the complex conjugate. Welch’s method 
is then used to obtain an expected average of the PSD.12 Once 𝜌𝑐 is calculated across the band, the 




          (21) 





The weighting factor was calculated when the Seewee was within 2000 meters of the vector 
sensor. This timeframe was chosen so that a signal with a high SNR from known locations were 
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the dominant noises in the environment. This can be seen from figure 23 that shows the difference 
between power levels across the band in the pressure channel when the ship was present, after the 
ship had left the area, and with and without the air gun noise. These PSD plots were calculated 
using 100 seconds of data, a Hann window, and a 1-Hz bin width. When the ship was in the area, 
air gun activity was occurring to the southwest of the location and is present in both the PSD that 
includes the ship and the PSD calculated a day later after the ship had left the area. While oil 
exploration uses air guns that operate up to 300 Hz,6 the higher frequencies should be attenuated 
over long ranges, but it appears that there is still some energy up to 300 Hz reaching the vector 
sensor, as shown by the difference between the air gun and environment only PSD plots. The air 
gun activity stopped for a brief time on April 8th before restarting a few hours later, so that 
timeframe was used as representative of ocean noise without air gun activity.   
 
 




The SNR for the ship in relation to the ocean noise in 50 Hz bands from 50 to 600 Hz is 















Figure 24 Signal to noise ratio for the Seewee in 50 Hz Bands 
 
The SNR of the ship’s noise relative to the two different ocean noise states are in close 
agreement above 300 Hz, but diverge by up to 8 dB below 300 Hz. Regardless, with the SNR 
above 10 dB across the band, it should result in accurate calculations for both the weighting factor 
and the DOA for the ship as it transited about the vector sensor. For an even higher SNR, the ship’s 
tonals can be used. Referring to figure 23, at 364 Hz, the SNR is 34 dB between the ship and the 
ocean environment. This paper will look in more detail at DOA using tones, but the focus will first 
be to characterize the usefulness of the vector sensor across the band. 
31 
 
The weighting factors for the vector sensor is shown in figures 25 through 27 and table 1. 
It is calculated at different bearings between 50 and 550 Hz in 50 Hz bands. Each calculation used 
100 seconds of data, a Hann window, a 2500 point DFT, and 1 Hz bin widths. For each band and 
each direction, the weighting factor was calculated using equations 13 and 14. A higher weighting 
factor means that the particle velocity sensor is less responsive than the pressure sensor, with a 
weighting factor of one meaning the particle velocity sensor is completely coupled to seawater. 
 





Figure 26 Acoustic impedance vs direction 300 - 450 Hz 
 
 




Table 1 Particle velocity weighting factor versus vector sensor direction and frequency 
 
 
Three figures were used in order to group similar frequency bands together. Vector sensor 
data of the Seewee transiting around the vector sensor were available in 30° increments. The first 
figure shows the results between 50 and 300 Hz. There is a bias towards the x-axis for the particle 
velocity sensor as evident by the lower weightings along the x-axis compared to the y-axis.  The 
greatest ratio for the weightings between the x-axis and y-axis is 1.12 and occurs in the frequency 
range of 250 to 300 Hz. Calculating DOA using acoustic intensity processing, this would skew the 
directional response towards the x-axis for a signal arriving at 45° by about 3.2°. All the other 
bands below 300 Hz are more homogenous about the compass and therefore should be at least as 
accurate in discerning direction for a strong source in the water.  
The three bands between 300 and 450 Hz are shown in figure 26. Here, the y-axis is more 
responsive than the x-axis. Also, diametrically opposite quadrants show similar responses, with 
the quadrants between the +x and +y axes and the –x and –y axes being more responsive than the 
other two quadrants.  This may have something to do with the placement of the vector sensor on 
the mooring. 
VS Orientation 50-100 100-150 150-200 200-250 250-300 300-350 350-400 400-450 450-500 500-550 550-600 Average std
-180 1.46 1.5 1.48 1.46 1.43 1.69 1.67 1.74 1.65 1.45 1.57 1.55 0.11
-150 1.46 1.47 1.46 1.43 1.4 1.53 1.5 1.65 1.74 1.69 1.64 1.54 0.11
-120 1.47 1.52 1.51 1.47 1.49 1.52 1.43 1.49 1.61 1.43 1.42 1.49 0.05
-90 1.54 1.64 1.61 1.57 1.62 1.63 1.53 1.51 1.65 1.38 1.38 1.55 0.09
-60 1.54 1.61 1.61 1.59 1.62 1.7 1.72 1.61 1.79 1.56 1.51 1.62 0.08
-30 1.53 1.61 1.61 1.59 1.55 1.73 1.75 1.63 1.7 1.62 1.54 1.62 0.07
0 1.52 1.53 1.51 1.49 1.44 1.69 1.64 1.58 1.46 1.33 1.42 1.51 0.10
30 1.48 1.53 1.5 1.45 1.45 1.59 1.53 1.47 1.31 1.24 1.44 1.45 0.10
60 1.48 1.53 1.53 1.47 1.48 1.58 1.55 1.5 1.36 1.31 1.51 1.48 0.08
90 1.52 1.6 1.62 1.58 1.6 1.61 1.56 1.55 1.43 1.36 1.5 1.54 0.08
120 1.49 1.56 1.56 1.55 1.57 1.62 1.55 1.46 1.34 1.29 1.48 1.50 0.10
150 1.49 1.54 1.54 1.53 1.52 1.78 1.68 1.59 1.42 1.25 1.42 1.52 0.13
Average 1.50 1.55 1.55 1.52 1.51 1.64 1.59 1.57 1.54 1.41 1.49 1.53 0.06




Figure 27 shows the weightings for the two bands between 450 and 550 Hz. Here, the 
variance of the weightings is greater with a peak standard deviation of 0.16 in the 450 – 500 Hz 
band, compared to a standard deviation of 0.05 for frequencies below 300 Hz. One possibility for 
this discrepancy is that as the frequency increases, acoustic multi-path, channeling, and shadowing 
from the sea floor and the mooring become an issue. Also, there is not an evident bias towards one 
axis in any of these bands, instead, it appears that one side of the vector sensor is more responsive 
than the other side, which is probably due to the vector sensor being mounted on one side of the 
mooring. The mooring is approximately 1.5 meters in diameter, which is the half wavelength for 
a 500 Hz plane wave in seawater. It is expected that the DOA calculations will deteriorate at about 
450 Hz.  
The difference in response across the band can be seen by comparing the PSD for acoustic 
pressure and acoustic particle velocity. In a spatially homogenous acoustic field the kinetic and 




𝑗=2          (23) 
Using a weighting factor of 1.55 and the data recorded when the Seewee’s relative bearing 
from the vector sensor was along the –y axis, the relative power spectral densities are shown in 
figure 28. The particle velocity and pressure sensors responses are essentially equivalent, with the 





Figure 28 Pressure and particle velocity spectral density: Seewee bearing -y-axis 
 
 
Figure 29 Pressure and particle velocity spectral density: Seewee bearing +x-axis 
 
Figure 29 is with the Seewee at a bearing of 0° relative to the vector sensor (or down the 
+x axis) with the same weighting factor as in figure 28. Here, the particle velocity power is 
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amplified relative to the hydrophone above 450 Hz. Both figures suggest that the accuracy of the 
vector sensor will decrease at 450 Hz and higher. 
For the case of a strong source that is 10 dB or greater than the background noise, the 
particle velocity sensor exhibits a response that matches the pressure sensor very closely across 
the band from 50 to 450 Hz, while deviating from the pressure sensor above 450 Hz.  
Vector Sensor Orientation 
Although the vector sensor deployed in the Gulf of Mexico was attached to the mooring in 
a manner that did not allow rotation, it’s orientation with respect to the earth was not known. There 
was an electronic compass attached to the mooring, but unfortunately it did not give an accurate 
reading for magnetic North. Consequently, the Seewee’s high-noise transits over and around the 
vector sensor were used to determine orientation. Once the orientation was calculated, this offset 
from magnetic North was applied to the vector sensor data to align sources to their true compass 
directions.  
  The orientation of the vector sensor was calculated using transits of the Seewee close to 
the vector sensor that aligned boresight to the +x-axis and –y-axis. The data used were 132 seconds 
long. The direction of the ship from the vector sensor was 302 to 300 degrees when close to 
boresight to the x-axis, and 207 degrees when close to boresight to the –y-axis. A Hann window 
and a 2,500 point DFT were applied to the dataset for 132 snapshots of one second duration each. 
The frequency band used for this calculation was from 150 Hz to 250 Hz. This band was chosen 
so that the air gun noise to the southwest and the discrepancies in the particle velocity weighting 
factors above 450 Hz would have minimal impact on the calculations.  An additive beamforming 
method in the frequency domain was used as given in (4).  
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 Table 2 shows the true bearing (as determined by geo-location) of the Seewee and the 
vector sensor’s direction of maximum power for the first 10 seconds of this dataset for both axes. 
The average total power in the selected band for the entire dataset was 104.6 dB ref 1 µPa/sqrt(Hz), 
which is 17 dB greater than the total power in the same band a day later when the Seewee had left 
but the air gun was still present. In other words, the SNR for the Seewee should be high enough 
for the vector sensor to accurately locate the ship’s direction. As can be seen from the vector 
sensor’s estimation of direction in table 3, column 3, the Seewee was almost boresight to the +x 
and –y axes during these transits. The orientation of the vector sensor relative to magnetic North 
was calculated by finding the lowest average directional offset error between the ship’s true 
bearing versus the bearing indicated by the vector sensor over the entire dataset. As calculated, the 
vector sensor is such that the +x-axis is oriented at 299°, or facing WNW, and the +y-axis is 
oriented at 209°, or facing SSW, as shown in figure 30. Also of note is that the vector sensor’s 
azimuthal angle increases counter-clockwise, not clockwise, as indicated by the lower set of 
ordinates in the figure. Since the azimuthal beam data is in the vector sensor frame of reference, 
converting the beam data to a compass frame of reference requires a rotation, a mirror transpose, 








Vector Sensor Orientation (Degrees) 299
Start Time











2015:94:10:52:16.396 302 -4 303 -1 102.7
2015:94:10:52:17.3959 302 -3 302 0 102.5
2015:94:10:52:18.3959 302 -3 302 0 102.1
2015:94:10:52:19.3958 302 -3 302 0 100.3
2015:94:10:52:20.3958 302 -2 301 1 100.5
2015:94:10:52:21.3957 302 -2 301 1 101.0
2015:94:10:52:22.3957 302 -1 300 2 101.7
2015:94:10:52:23.3956 302 -2 301 1 103.2
2015:94:10:52:24.3956 302 -2 301 1 101.6
2015:94:10:52:25.3955 302 -2 301 1 102.1
2015:94:5:17:25.5468 207 88 211 -4 109.6
2015:94:5:17:26.5468 207 89 210 -3 110.4
2015:94:5:17:27.5467 207 88 211 -4 111.5
2015:94:5:17:28.5467 207 90 209 -2 110.4
2015:94:5:17:29.5466 207 89 210 -3 109.2
2015:94:5:17:30.5465 207 89 210 -3 108.7
2015:94:5:17:31.5465 207 89 210 -3 111.1
2015:94:5:17:32.5465 207 89 210 -3 109.5
2015:94:5:17:33.5464 207 89 210 -3 110.6











Figure 30 Vector sensor estimated orientation relative to true North. 
 
 
Figure 31 Convert to compass frame of reference 
 
While the directional errors are slightly higher for the y-axis, it appears that there is a slight 
bias towards the x-axis in this dataset since the vector sensor’s maximum power remains within 2 
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degrees of boresight on the x-axis while for the y-axis it is up to 4 degrees from boresight. The 
average total power is higher on the y-axis (109 dB vs 103 dB) and this is probably due to the 
Seewee going away with the engine facing the vector sensor during the y-axis transit while the 
bow was facing the vector sensor during the x-axis transit. In any event, the average offset error 
over all 132 snapshots between the calculated direction and the geo-located position of the Seewee 
was 0.13 degrees, with a standard deviation of 1.77 degrees.  
Now with the compass orientation of the vector sensor estimated to be 299°, the transits of 
the Seewee around the vector sensor can be analyzed using additive, intensity, and MUSIC 
beamforming. In the next chapter I will spatially process the transits of the Seewee around the 




Vector Sensor DOA Accuracy for Close Range Seewee Transits 
The Seewee made six passes over the vector sensor on the morning of April 4th from 0000 
to 1100 GMT, or 2000 to 0700 local time. A ‘wagon wheel’ pattern centered on the vector sensor 
was chosen with a radius of 10 kilometers and spokes of the wheel that were offset from one 
another by 30°. This pattern allowed an evaluation of the responsiveness of the vector sensor for 
both close high amplitude signals and more distant weak signals over frequency and relative 
bearing. For comparison, figure 32 shows the pressure spectral content at the vector sensor when 
the Seewee was 1 km and 10 km distance, when the Seewee had left the area, and when the seismic 
activity had temporarily ceased. The PSDs all were calculated using 100 seconds of data and a 
Hann window using a 2,500 point DFT for a one Hz bin width.  
  
 




As seen in the figure and compared to the PSD calculations on April 5th and April 8th, there 
is more than 10 dB difference when the ship is close to the vector sensor but significantly less 
when the ship is at 10 km distance. It is expected that the accuracy of the vector sensor to discern 
the bearing of the Seewee will fall off when the ship is at 10 km distance, especially above 300 
Hz.  
First, when the Seewee was in close to the vector sensor, all three methods were used: 
additive, intensity, and MUSIC. For each method, the same data were used consisting of 1,237 
seconds of time. These data were recorded while the Seewee was closer than 2 km from the vector 
sensor and on all 6 of the transit legs.   Each dataset was broken into one second snapshots with 
which to calculate the DOA.  
For additive and intensity beamforming, each snapshot was Hann windowed and 
transformed to the frequency domain. The particle velocity data was transformed to pressure using 
the acoustical impedance of seawater (1.5435 x 1010 µPa·sec/cm) and then each 50 Hz band was 
multiplied by the average weighting factors given in table 2.  From these datasets, the beamforming 
methods discussed in the previous chapter were applied to each band. In this manner it was possible 
to not only obtain the accuracy of the vector system across the band but also for different bearings 
of the ship relative to the vector sensor. This was done in part to determine if there were any 
anomalies associated with the mooring that would favor one axis over another.  
For MUSIC, processing for DOA was performed in the time domain. Prior to 
beamforming, the particle velocity was converted to the equivalent pressure in the same manner 
as for the first two methods. Next, a 20 point Butterworth bandpass filter was applied to the dataset. 
The covariance matrix for each snapshot was calculated using equation 13 and then beam formed 
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using equation 14. The source parameter was set to one since the SNR was high while the ship 
was close to the vector sensor. 
Table 3 shows the average offset error and standard deviation for all three beamforming 
methods across the band from 50 to 600 Hz while the Seewee was transiting close to the vector 
sensor. Figure 33 is a graphical representation of the data in Table 3. The average DOA response 
of all three methods are within +- 10° of the true direction, but the more revealing statistic is the 
standard deviation indicated by the error bars in the figure.  All three methods perform well 
between center frequencies of 175 and 275 Hz, with a maximum standard deviation of 2.7 degrees 
for intensity and MUSIC processing at 175 Hz. Below 150 Hz, while the average offset error is 
low, the standard deviation grows to a maximum of 19.8° for additive processing at a center 
frequency of 75 Hz, and the other two methods aren’t that much better. Also, above 275 Hz, both 
the average offset and the standard deviations rise to a maximum of 4.1° offset and 13.8° standard 
deviation. Of the three methods, MUSIC performs the best across the band with a lower standard 
deviation, and performs better with a second high-power source in the environment at the low end 
of the spectrum even while setting the source parameter to one. Also, even though additive 
processing is more time consuming than intensity processing, any improvement in accuracy was 
minimal. Given that there is a high SNR signal injected into the vector sensor, this is not surprising. 
The mean squared error (MSE) versus frequency is shown in figure 34. Histograms of the offset 
from true direction plotted as a probability density function are shown in appendix A. In the lower 
bands (up to 150 Hz), the small number of large offset errors are due to the air gun. The middle 









Figure 33 Graphical plot of table 4. Error bars are the standard deviations at each frequency 
 
Direction of arrival offset errors (Seewee close to vector sensor)
Band Center Frequency (Hz)
Method (Offset Error and SD in degrees) 75 125 175 225 275 325 375 425 475 525 575
Additive Average Offset Error 1.8 0.8 -0.2 0.9 1.4 0.3 0.2 -3.9 -1.9 -1.0 0.1
Standard Deviation 19.8 10.8 2.7 2.6 2.5 3.3 4.7 5.0 12.5 10.3 4.7
Intensity Average Offset Error 2.6 1.0 -0.1 0.9 1.0 0.0 -0.4 -4.1 -1.9 -1.2 -1.0
Standard Deviation 17.5 9.2 2.7 2.4 2.1 3.5 5.0 6.5 13.8 9.9 5.1
MUSIC Average Offset Error 0.7 0.5 -0.4 0.9 1.6 0.5 0.4 -3.7 -1.4 -1.1 0.1




Figure 34 Mean Squared Error (MSE) versus frequency 
 
The following paragraphs will discuss the vector sensor’s response as a function of 
azimuthal bearing for the bands 50 – 150 Hz, 150 – 300 Hz, 300 – 450 Hz, and 450 - 550 Hz. 
These sub-bands correspond to the different standard deviations obtained in table 4. For each band 
I will discuss the usability and effectiveness of the vector sensor and possible causes for any 
deficiencies in accuracy. 
First, DOA error versus azimuthal angle in the 150 – 300 Hz band were calculated and are 
shown in table 4 and figure 35. Azimuthal angle here is not compass heading, but angle relative to 
the vector sensor where 0° is boresight to the +x-axis and 90° is boresight to the +y-axis. This 
change is necessary as it is the vector sensor and any mooring effects that are being examined, not 
the compass direction of the source signal. Of note is the sinusoidal pattern for the offset error 









Figure 35 Graphical plot of table 5. Error bars are the standard deviations for each direction 
 
The calculated error in degrees from the geo-located position of the Seewee to the estimated 
location: 
∆𝜑 =  𝜑𝑎𝑐𝑡𝑢𝑎𝑙 − 𝜑𝑉𝑆 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑        (24) 
where a positive offset indicates the vector sensor’s estimation of angle is less than the actual 
direction and a negative offset indicates the vector sensor’s estimation is greater than the actual 
direction. In figure 35, at angles of direction 30, 60, and 90, the vector sensor’s estimation was less 
Direction of arrival offset errors (Seewee close to vector sensor)
Azimuthal Angle (degrees)
Method (Offset Error and SD in degrees) 0 30 60 90 135 180 210 240 270 300
Additive Average Offset Error -0.9 2.0 3.2 3.0 0.2 -3.0 -1.1 2.3 3.2 2.1
Standard Deviation 1.2 2.0 1.9 0.9 2.9 1.2 1.8 1.7 2.0 2.3
Intensity Average Offset Error -1.3 1.2 2.6 2.6 0.6 -2.3 -1.3 2.0 3.2 2.5
Standard Deviation 1.5 2.3 2.1 1.0 3.0 1.4 1.8 1.4 2.1 2.5
MUSIC Average Offset Error -0.9 2.2 3.3 3.0 0.1 -3.0 -1.1 2.3 3.1 2.0
Standard Deviation 1.2 2.0 1.8 0.8 2.9 1.2 1.7 1.7 2.2 2.3
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than the actual direction so it placed the Seewee closer to the +x-axis then it actually was by an 
average of about 2 degrees. Conversely at 210°, the vector sensor dataset calculated the position 
of the Seewee closer to the –y-axis (towards 270°) than it actually was by about 2°.  
If the vector sensor had a consistent bias across azimuth towards one axis, it would be 
beneficial to weight the other axis greater to achieve better results when beamforming. In this case 
the bias is slightly toward the x-axis and weighting the y-axis would only result in a slight 
improvement, if any. Overall, the vector sensor in this band is accurate to within about 3° when 
presented with a strong source with a high SNR in the environment. Histograms of the offset from 
the true direction for this frequency band are shown in appendix C, showing that this band is the 
most accurate across the vector sensor’s azimuthal plane. 
 
Table 5 DOA error versus azimuthal direction of Seewee 50 to 150 Hz band 
  
 
Direction of arrival offset 50-150 Hz Band (Seewee close to vector sensor)
Azimuthal Angle (degrees)
Method (Offset Error and SD in degrees) 0 30 60 90 135 180 210 240 270 300
Additive Average Offset Error -1.7 0.5 3.2 2.9 -1.3 -0.4 5.2 -1.2 0.9 0.4
Standard Deviation 4.3 4.7 1.1 1.3 1.3 15.2 31.5 14.2 0.7 1.9
Intensity Average Offset Error -1.8 0.3 3.1 2.9 -1.0 2.1 6.8 -1.2 0.6 -1.3
Standard Deviation 4.4 4.9 1.1 1.3 1.7 14.3 26.6 12.8 1.1 5.2
MUSIC Average Offset Error -1.5 0.7 3.2 2.9 -1.3 -1.9 2.0 0.0 0.9 0.5




Figure 36 Graphical plot of table 6. Error bars are the standard deviations for each direction 
 
Table 5 and figure 36 show the vector sensor’s response as a function of azimuth in the 50 
– 150 Hz band.  While the average offset appears reasonable in this band, the standard deviation 
is very large between 180 and 240°. Since the vector sensor is oriented with the x-axis at a compass 
heading of 300°, these directions correspond to a compass bearing from the vector sensor to the 
Seewee of between 120 and 60°, roughly due east of the vector sensor. The air gun sounds originate 
from the SW at approximately 245° bearing, which is close to 180° opposite from the ship’s 
location. Examining the individual datasets for that timeframe, the vector sensor oscillates between 
the direction of the Seewee and the direction of the air gun. This can be more easily seen in a 
spatial spectrogram using MUSIC around the time of the interference shown in figure 37. The 
figure is a plot of peak pseudo-intensity as a function of time and compass bearing and is made up 
of 400 one second snapshots that have been beamformed using MUSIC with the signal space set 
equal to one. The color scale was set for the pseudo intensity range of 40 to 120 to provide contrast 
for the peaks. During this time, the Seewee was due east of the vector sensor and overall the 
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MUSIC algorithm was very good at determining its true location. Around 30 seconds into the 
timeframe, the MUSIC method alternates between the Seewee and the air gun. This figure shows 
that while the Seewee is in close to the vector sensor, the air gun is still affecting the ability to 
consistently calculate the ship’s bearing at low frequencies. Nevertheless, the vector sensor is 
properly locating the Seewee over time. While a single vector sensor can pick out two non-coherent 
strong sources in the environment if they are sufficiently spaced, sources can and will interfere 
with each other over time. It is apparent in this situation that maximum interference occurs when 
the two sound sources are approximately opposite each other relative to the vector sensor.  
 
 





Figure 38 MUSIC and n = 2 with Seewee east of vector sensor 
 
Figure 38 uses the same dataset as figure 37, but this time parameterizing MUSIC with two 
signal spaces. Also, the pseudo-intensity was compressed by using 10 log10 𝑃𝑚𝑢 where 𝑃𝑚𝑢 is the 
beamformed result. This was done to provide a better visual indication where the peaks are located. 
As can be seen from the figure, the signal space in the 50 to 150 Hz band contains both the Seewee 
and the air gun sounds to the SW of the vector sensor. While most of the time it is the Seewee that 
the vector sensor locates it is also locating the air gun as well. In the absence of the air gun the 
frequency band from 50 to 150 Hz would likely be as accurate as the higher band discussed earlier. 
It is also noted that having an understanding of the environment’s signal space over time and 
frequency can provide a more accurate estimation as one can simply exclude calculations that are 
in error as a result of a second signal. These data were not excluded in the tables and figures above 
as the purpose was in part to see the variability in the data itself. 
Histograms of the offset from the true direction for this frequency band are shown in 
appendix B. Of note are the estimation errors for the bearings 180 and 210°. Additive and MUSIC 
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lock on to either the Seewee or the air gun, while intensity processing is more spread between the 
two sources. 
 




Figure 39 Graphical plot of table 7. Error bars are the standard deviations for each direction 
 
Table 6 and figure 39 show the vector sensor’s response as a function of azimuth for the 
300 to 450 Hz band.  The average offset error in this band is greater than the offset for the 150 – 
300 Hz band and the average standard deviation across the azimuthal plane is greater by 1.7°. Also, 
Direction of arrival offset 300-450 Hz Band (Seewee close to vector sensor)
Azimuthal Angle (degrees)
Method (Offset Error and SD in degrees) 0 30 60 90 135 180 210 240 270 300
Additive Average Offset Error -4.5 -4.2 -3.0 -1.8 3.4 -0.6 -2.6 2.1 5.4 5.1
Standard Deviation 3.7 4.2 3.4 3.3 1.7 3.0 2.4 3.6 4.1 2.8
Intensity Average Offset Error -6.2 -5.8 -4.2 -2.2 3.8 2.1 -2.7 0.3 4.9 5.2
Standard Deviation 4.3 4.2 3.3 2.9 1.8 4.0 2.3 4.2 4.5 3.0
MUSIC Average Offset Error -4.5 -3.9 -3.0 -1.6 3.3 -0.2 -2.5 2.3 5.6 5.1
Standard Deviation 3.7 4.3 3.4 3.2 1.7 3.2 2.2 3.6 4.1 2.9
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the bias is towards the y-axis for all directions except for at 240° where it is slightly towards the –
x-axis for Additive and MUSIC processing. The relatively large offsets at bore sight down both 
the x and y axes indicates that there is either a corrupting source in the environment or reflections 
from the mooring are beginning to have an effect on the vector sensor. Histograms of the offset 
from the true direction for this frequency band are shown in appendix D. The histograms show 
that there are no large errors, but the spread of the estimates has grown from the lower band. 
Intensity processing has a slightly greater average error across the azimuthal plane indicating it is 
most affected. In this band the accuracy appears to be within 10°.  
The final bands to look at are those two covering 450 – 550 Hz. These bands had the 
greatest range in particle velocity weighting factors and their standard deviations for DOA were 
also the greatest of all 11 bands. The accuracy of the vector sensor for calculating the direction of 
the Seewee across the azimuthal plane for these two bands is given in table 7 and shown in figure 
40. 
 
Table 7 DOA error versus azimuthal direction of Seewee 450 to 550 Hz band 
 
 
Direction of arrival offset 450-550 Hz Band (Seewee close to vector sensor)
Azimuthal Angle (degrees)
Method (Offset Error and SD in degrees) 0 30 60 90 135 180 210 240 270 300
Additive Average Offset Error -20.5 -11.8 -5.2 -1.7 6.4 18.0 3.1 -2.1 0.5 1.0
Standard Deviation 3.1 3.6 2.4 1.1 3.1 3.0 5.3 3.3 1.2 1.7
Intensity Average Offset Error -20.3 -11.9 -5.7 -1.6 6.5 18.8 3.3 -4.7 -0.3 1.2
Standard Deviation 4.5 4.7 2.5 1.2 3.7 4.0 6.7 3.4 1.1 1.9
MUSIC Average Offset Error -21.0 -11.5 -5.0 -1.6 6.3 18.2 3.4 -1.6 0.7 0.8




Figure 40 Graphical plot of table 8. Error bars are the standard deviations for each direction 
 
The results for these two bands are interesting in that the standard deviations for the errors 
are small while the average directional errors are large, particularly sources arriving along the x-
axis. It is also very asymmetrical in azimuth possibly indicating that the mooring is having an 
effect in this frequency band. Histograms of the offset from the true direction for this frequency 
band are shown in appendix E, graphically depicting the large estimated errors when a source is 
close to the x-axis. The accuracy in this band is very low, about 20°, when locating a signal with 
a high SNR, therefore this band will not be analyzed for the time period when the Seewee was 10 
km distant.  
Table 8 captures the approximate accuracy of this vector sensor as a function of frequency 
for its estimation of DOA for a high SNR source. All three methods produced similar results. As 
noted previously, the accuracy would be better if prior knowledge of the environment is known 
and used to select or reject results. This method of tabulating the results was chosen to get an 
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approximation of the accuracy of the vector sensor with no assumed prior knowledge of the 
environment.  
 
Table 8 Vector sensor DOA accuracy results  
 
 
Vector Sensor DOA Accuracy for Seewee at 10 Kilometers Distance 
 The second part of examining how well the vector sensor is at estimating the direction of 
a source in water is locating the Seewee when it was on the wagon wheel, or the outer part of its 
transits at 10 km distance.  At this distance the Seewee is expected to have a much lower SNR 
with which to estimate DOA. Since the vector sensor has already been evaluated across the band 
and around the azimuthal plane in 50 Hz bands, in this chapter I will use knowledge of the 
environment and the system with the desire to get the best results possible. 
 After the Seewee crossed over the vector sensor, it transited out to approximately 10 km, 
traversed 30° of the 10 km radius circle, and then returned back across the vector sensor and on to 
the other side of the circle, repeating the pattern. The data that will be used for calculating DOA 
will be while the Seewee was close to or on the radius of the circle.  
Figure 41 is a spectrogram of pressure data recorded by the vector sensor during one 
complete circuit of the wagon wheel pattern by the Seewee. The ship passed over the vector sensor 
twice, and traversed one 30° arc 10 km SSW of the vector sensor. The Lloyd’s mirror effect is 
Vector Sensor DOA Resolution 
for high SNR Source
Frequency Band 
(Hz)








visible in the figure as reflections constructively interfere across the spectrum. While the Seewee 
is traversing the arc of the circle from between 3600 and 4500 seconds in the figure, the Lloyd’s 
mirror effect is close to stationary in frequency before repeating its pattern as the Seewee 
approaches the vector sensor again. The difference between the constructive regions and the bluer 
regions in between them are about 5 dB, an estimate of the SNR at this range. These constructive 
interference patterns will be the frequencies that I will attempt to use to estimate DOA.  
 
 
Figure 41 Pressure spectrogram during Seewee transit about vector sensor 
 
Figure 42 is a beamformed spectrogram calculated while the Seewee was 10 km distant 
with a look direction of 105° relative to the vector sensor, or about 194° compass bearing. The 
solid vertical lines indicate the time during which the Seewee was traversing the arc of the 10 km 
circle. During this time the Seewee’s bearing to the vector sensor was between 209° and 180° 
while the air gun activity was coming from approximately 240° bearing, for an angular separation 
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between the two signals of 30 to 60°. The air gun sounds extend over 100 Hz and there is also 
some vertical biologic noise above about 300 Hz.  
 
 
Figure 42 Spectrogram with look direction of 105° (VS ref) while Seewee 10 km distant 
 
 The air gun is the dominant source in the 50 to 100 Hz region, so to obtain an accurate 
direction of the ship, beamforming will be best in between the air gun shots, otherwise the 
beamform methods will likely point either towards the air gun or in between the air gun and the 
ship.  
 Tables 9 through 12 show the results of beamforming using all three methods and 50 
second snapshots while the Seewee was traversing the arcs of the 10 km circle. No prior knowledge 
was assumed in beamforming except that MUSIC was beamformed once with the source parameter 
equal to one and again with the source parameter equal to two. Each table represents one azimuthal 
quadrant of the vector sensor and is tabulated in ascending true directional bearing of the Seewee. 
As can be seen from the data in the tables, it is mostly the air gun source located at 240° that 
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additive, intensity, and MUSIC with one source parameter methods are locating. Only when the 
Seewee was in the NE quadrant of the vector sensor at a bearing of 30 to 60° did these beamformers 
correctly locate the ship, as shown in table 9.  Clearly, standard beamforming and indiscriminate 
beamforming with MUSIC will not pick out the Seewee in this situation since the noise from the 
air gun is the dominant source.  
 The last columns in these tables show the results of MUSIC when the source parameter is 
set to two. Here, MUSIC is performing much better than the other three and is able to locate the 
Seewee for all cases except when the ship was SW of the vector sensor and close in direction to 
the air gun noise (table 11). As can be seen, MUSIC excels when the number of sources are known 








Comparison of processing methods Seewee at 10 km distance
50 - 100 Hz band. 50 second snapshots. Seewee NE of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:4:35:0 30 31 1 349 -41 31 1 32 2
2015:94:4:35:50 30 238 -152 272 -118 240 -150 32 2
2015:94:4:34:10 31 33 2 22 -9 32 1 33 2
2015:94:4:33:20 32 236 -156 281 -111 335 -57 36 4
2015:94:4:32:30 34 36 2 311 -83 25 -9 37 3
2015:94:4:31:40 37 39 2 6 -31 38 1 40 3
2015:94:4:30:50 40 41 1 359 -41 40 0 42 2
2015:94:4:30:0 42 242 -160 281 -121 241 -161 43 1
2015:94:4:29:0 42 46 4 358 -44 45 3 46 4
2015:94:4:28:10 44 48 4 5 -39 47 3 48 4
2015:94:4:27:20 47 49 2 28 -19 49 2 49 2
2015:94:4:26:30 49 242 -167 262 -147 242 -167 52 3
2015:94:4:25:40 51 54 3 39 -12 53 2 53 2
2015:94:4:24:50 54 56 2 52 -2 55 1 55 1
2015:94:4:24:0 55 58 3 58 3 58 3 58 3
2015:94:4:23:10 57 60 3 63 6 60 3 60 3
2015:94:1:25:41 77 80 3 115 38 156 79 78 1
2015:94:1:26:31 77 242 165 119 42 235 158 78 1
2015:94:1:27:21 78 243 165 153 75 238 160 78 0
2015:94:1:28:11 79 242 163 119 40 238 159 80 1
2015:94:1:29:1 79 241 162 119 40 238 159 80 1
2015:94:1:29:51 80 85 5 145 65 99 19 81 1
2015:94:1:30:41 81 241 160 225 144 241 160 81 0
2015:94:1:31:31 82 243 161 209 127 242 160 82 0
2015:94:1:32:21 84 241 157 232 148 238 154 83 -1
2015:94:1:33:11 86 241 155 229 143 239 153 85 -1
2015:94:1:34:1 88 241 153 233 145 238 150 87 -1
2015:94:1:34:51 88 240 152 227 139 237 149 87 -1
2015:94:1:35:41 89 240 151 233 144 238 149 90 1
2015:94:1:36:31 89 241 152 238 149 260 171 91 2
2015:94:1:37:21 89 257 168 236 147 239 150 98 9
2015:94:1:38:11 89 241 152 238 149 239 150 88 -1
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Comparison of processing methods Seewee at 10 km distance
50 - 100 Hz band. 50 second snapshots. Seewee SE of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:9:1:53 127 239 -112 237 -110 238 -111 125 2
2015:94:9:1:3 128 239 -111 238 -110 239 -111 127 1
2015:94:9:0:13 129 238 -109 234 -105 236 -107 127 2
2015:94:8:59:23 131 232 -101 222 -91 228 -97 128 3
2015:94:8:58:33 132 237 -105 232 -100 236 -104 129 3
2015:94:8:57:43 133 238 -105 235 -102 237 -104 131 2
2015:94:8:56:53 135 238 -103 234 -99 237 -102 132 3
2015:94:8:56:3 136 237 -101 232 -96 236 -100 132 4
2015:94:8:55:13 137 237 -100 234 -97 237 -100 133 4
2015:94:8:54:24 138 238 -100 235 -97 238 -100 136 2
2015:94:8:53:34 140 236 -96 229 -89 235 -95 136 4
2015:94:8:52:44 141 237 -96 232 -91 234 -93 138 3
2015:94:8:51:54 142 236 -94 231 -89 236 -94 139 3
2015:94:8:51:4 143 237 -94 233 -90 234 -91 139 4
2015:94:8:50:14 145 235 -90 230 -85 232 -87 141 4
2015:94:8:49:24 146 236 -90 231 -85 233 -87 141 5
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Comparison of processing methods Seewee at 10 km distance
50 - 100 Hz band. 50 second snapshots. Seewee SW of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:6:4:24 180 233 -53 232 -52 232 -52 175 5
2015:94:6:3:34 182 236 -54 235 -53 236 -54 174 8
2015:94:6:2:44 184 237 -53 236 -52 237 -53 175 9
2015:94:6:1:54 186 231 -45 229 -43 232 -46 176 10
2015:94:6:1:4 188 239 -51 238 -50 239 -51 174 14
2015:94:6:0:14 190 237 -47 236 -46 237 -47 179 11
2015:94:5:59:25 192 238 -46 237 -45 238 -46 178 14
2015:94:5:58:35 194 257 -63 240 -46 264 -70 216 -22
2015:94:5:57:45 195 242 -47 239 -44 243 -48 209 -14
2015:94:5:56:55 197 239 -42 239 -42 240 -43 180 17
2015:94:5:56:5 199 235 -36 234 -35 236 -37 180 19
2015:94:5:55:15 201 240 -39 240 -39 240 -39 203 -2
2015:94:5:54:25 203 240 -37 240 -37 240 -37 182 21
2015:94:5:53:35 205 239 -34 239 -34 239 -34 194 11
2015:94:5:52:45 207 239 -32 238 -31 238 -31 191 16
2015:94:5:51:55 209 239 -30 238 -29 238 -29 182 27
61 
 




Figure 43 is a pressure spectrogram of one second periodograms from DC to 120 Hz 
captured at 2015:94:5:51:55. This is the same time period as the data in the lower half of table 11 
Comparison of processing methods Seewee at 10 km distance
50 - 100 Hz band. 50 second snapshots. Seewee NW of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:10:18:8 301 275 26 272 29 277 24 297 4
2015:94:10:18:58 301 271 30 269 32 275 26 297 4
2015:94:10:19:48 301 265 36 264 37 267 34 297 4
2015:94:10:20:38 301 258 43 258 43 262 39 296 5
2015:94:10:21:28 301 262 39 261 40 264 37 294 7
2015:94:10:22:18 301 267 34 265 36 271 30 298 3
2015:94:10:23:8 301 258 43 258 43 263 38 295 6
2015:94:10:23:58 301 265 36 264 37 269 32 299 2
2015:94:10:24:48 301 290 11 287 14 291 10 299 2
2015:94:10:25:38 301 281 20 277 24 284 17 298 3
2015:94:10:26:28 301 275 26 272 29 279 22 297 4
2015:94:10:27:18 301 292 9 289 12 293 8 299 2
2015:94:10:28:8 301 270 31 268 33 274 27 297 4
2015:94:10:28:58 301 258 43 258 43 261 40 293 8
2015:94:10:29:48 301 276 25 274 27 281 20 300 1
2015:94:10:30:38 301 286 15 282 19 287 14 299 2
2015:94:7:33:9 332 247 85 251 81 249 83 329 3
2015:94:7:32:19 334 246 88 249 85 247 87 329 5
2015:94:7:31:29 336 246 90 248 88 244 92 328 8
2015:94:7:30:39 337 244 93 247 90 245 92 333 4
2015:94:7:29:49 339 244 95 247 92 245 94 335 4
2015:94:7:28:59 341 244 97 246 95 243 98 335 6
2015:94:7:28:9 342 243 99 245 97 243 99 337 5
2015:94:7:27:19 344 243 101 245 99 244 100 339 5
2015:94:7:26:29 346 242 104 244 102 243 103 342 4
2015:94:7:25:39 348 243 105 246 102 243 105 343 5
2015:94:7:24:49 349 242 107 245 104 242 107 346 3
2015:94:7:23:59 351 243 108 244 107 242 109 348 3
2015:94:7:23:9 353 241 112 244 109 242 111 351 2
2015:94:7:22:19 355 242 113 245 110 243 112 352 3
2015:94:7:21:29 356 242 114 244 112 242 114 354 2
2015:94:7:20:39 358 242 116 244 114 242 116 356 2
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and shows the air gun noise while the Seewee was 10 km distant and close in angle to the air gun. 
The air gun appears to be the dominant source to about 60 Hz over the entire time of the 
spectrogram with many vertical lines extending above 100 Hz. There are a few horizontal lines 
from 74 Hz and higher that are from the Seewee and these lines periodically merge into the air gun 
shot noise, increasing the power in those frequency bins. Better estimates can be obtained if we 
reduce the size of the snapshots to separate as much as possible the repetitive air gun noise from 
the Seewee. 
To beamform the data, I used 410 seconds worth of data, a 2,500 point DFT, and a Hann 
window for one second snapshots in the 70 – 84 Hz band. For additive beamforming, only 6 of the 
410 total snapshots did not lie between the air gun and the ship, but many of the estimates still 
directed the vector sensor towards the air gun. For the total dataset, 105 seconds were beamformed 
to at least 225°, or half way between the air gun and the ship, indicating the air gun was at least 
equal in power during those snapshots.  
The average power difference between beam look results aimed towards the air gun versus 
the entire dataset were + 8.1 dB, an average of 78.6 dB for the air gun and 70.1 dB for the entire 
dataset, both referenced to 1
𝜇𝑃𝑎
√𝐻𝑧
. When only snapshots whose power was less than 70.1 dB are 
included in the directional analysis, 212 snapshots are excluded of which 91 of those were above 
225° in azimuthal direction, leaving only 14 snapshots greater that were included. This filtering 
was then increased by lowering the allowable power level of a snapshot to obtain the closest match 
to the direction of the Seewee. Filtering in this way is an attempt to obtain the best indication of 
the Seewee’s direction by using the average power level to exclude those snapshots that contain 





Figure 43 Spectrogram view of air gun noise below 100 Hz 
 
The mean squared error and the average error for additively beamforming for the total 
dataset and for excluding high power snapshots are shown in table 13. As can be seen, the accuracy 
increased when the high powered snapshots were excluded by a total of 7 degrees when retaining 
only snapshots whose power was less than 68.1 dB.  At this power level, 102 snapshots out of the 
410 available were kept with the remaining discarded, and only 2 had a DOA result greater than 
225°.  
 
Table 13 Directional error 70 – 84 Hz band for Seewee SSW of vector sensor– additive  
    
 










Total Dataset -16.2 524 410
Dataset Pwr < 70.1 dB -10.4 204 196
Dataset Pwr < 68.1 dB -9.1 166 102
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Table 14 shows very similar results for intensity processing when excluding the high power 
beamformed results. Again, most of the snapshots that resulted in directions greater than 225° were 
excluded because of their higher power. 
 
Table 14 Directional error 70 – 84 Hz band for Seewee SSW of vector sensor– intensity  
   
 
Table 15 are the results for beamforming with MUSIC setting the source parameter to two. 
For MUSIC the improvement is not as great because it already separates signals using the 
eigenvalue structure of the covariance matrix. Improvements are due to eliminating snapshots with 
high coherence between the two sources. As can be seen, lowering the power threshold does not 
always work with MUSIC because the lower power snapshots may not have two strong sources to 
use for estimation. 
 
Table 15 Directional error 70 – 84 Hz band for Seewee SSW of vector sensor – MUSIC  
  
 








Total Dataset -16.0 470 410
Dataset Pwr < 70.1 dB -10.0 218 201
Dataset Pwr < 68.1 dB -8.4 203 107
Average and MSE for Seewee close to airgun in azimuth








Entire dataset -13.0 627.9 410
Dataset Pwr < 70.1 dB -10.5 428.2 196
Dataset Pwr < 68.1 dB -11 396.8 101
65 
 
Table 16 shows the results for processing the same dataset using MUSIC but also applying 
an Eigenvalue Gradient Method (EGM) information selection criteria to determine whether or not 
to parameterize the processing with one or two signals. EGM uses the difference between the 
largest and smallest eigenvalue as a basis to evaluate the signal space:8 
 Δ?̅? =  𝜆𝑚𝑎𝑥 − 𝜆𝑚𝑖𝑛              (25) 
the gradients of all neighboring eigenvalues are calculated: 
Δ?̅?𝑖 =  𝜆𝑖 − 𝜆𝑖+1    𝑖 = 1, 2, 3            (26) 
and finally the eigenvalue gradients generated from (26) are compared to (25): 
Δ?̅?𝑖 ≥  
Δ?̅?
𝑘
    𝑖 = 1, 2, 3                    (27) 
The index of the first Δ?̅?𝑖 that meets the condition of equation 27 is the number of estimated sources 
in the environment. The variable k is usually defined to be the number of sensors or one greater 
than the number of sensors, but through trial and error I have found that a value of 1.1 works best 
for the vector sensor.  
EGM is used to set the MUSIC source parameter to one when the power level is low, which 
should be an indication that the air gun is in between shots and consequently a better direction will 
be achieved. Using EGM to determine the number of sources lowered both the average error and 
the average MSE as compared to MUSIC with the source parameter fixed at two. This dataset was 
also more tolerant to lowering the power requirements because those snapshots were more likely 




Table 16 Directional error 70 – 84 Hz band for Seewee SSW of vector sensor – MUSIC EGM 
  
 
Finally, we could reduce the error further since we know the location of the air gun and 
could remove those responses that have not been filtered by time and power for all three 
beamforming methods, but the current results are fairly accurate given that the desired source is of 
lower power than the interfering source and they are close in direction. Also, filtering in this 
manner can be done programmatically instead of hand picking snapshots to remove. Once most of 
the higher power but intermittent snapshots have been removed, the remaining dataset may be 
analyzed further to better estimate the location of the weaker signal. 
 Figure 44 is a spatial spectrogram about 3000 seconds in duration using MUSIC with the 
source parameter set to one. The Seewee and the air gun were spaced apart by about 30° at the 
beginning of this time period and by about 70° at the end. Notice that around 2,500 seconds the air 
gun begins to disappear as the Seewee separates from the air gun and moves in closer to the vector 
sensor. Also, most of the results calculated by MUSIC are centered in between the two sources 
with only a few outside. The many peaks in the interior suggest there is coherence between the 
two sources, however, even with the coherence, it is visually obvious two sources are present 
between 170° and 240° that separate in bearing over time. 
 








Entire dataset -11.3 421 410
Dataset Pwr < 70.1 dB -6.3 255 202




Figure 44 MUSIC 70 – 84 Hz band 
 
Figure 45 is a pressure spectrogram of data recorded when the Seewee was SE of the vector 
sensor and separated from the air gun noise by about 100°. This spectrogram shows two horizontal 
lines at 61 and 71 Hz from the Seewee periodically intersecting the vertical lines from the air gun.  
When beamforming during this timeframe using 50 second snapshots and a bandwidth from 50 to 
100 Hz, both the additive and intensity methods solidly locked on to the air gun, while MUSIC 
parameterized with two sources was able to separate the signals into two directions with a peak 





Figure 45 Spectrogram while Seewee 10 km SE of vector sensor 
 
Table 17 shows the results for additive beamforming with and without excluding high 
powered snapshots. The dataset used for spatial processing consisted of 819 snapshots of one 
second duration each. The dataset as a whole is mostly influenced by the air gun, but when the 
high powered snapshots are excluded it quickly locates the Seewee. The best results were when 
only snapshots with less than 67.6 dB were included. This method works well when there is enough 
separation between sources in time and the high powered source is intermittent enough to capture 
snapshots that mostly exclude it from the calculation. Table 18 shows the results for intensity 
processing which isn’t as successful at lowering the error as additive processing, with the lowest 
average error attained equal to -6.4°. While all snapshots greater than 200° were successfully 
excluded when filtered for less than 67.4 dB, 11 snapshots between 160 and 190° were included. 




Table 17 Directional error 70 – 84 Hz band for Seewee SSE of vector sensor – additive 
  
 
Table 18 Directional error 70 – 84 Hz band for Seewee SSE of vector sensor – intensity 
  
 
Next was to process the same dataset using MUSIC. MUSIC has already given an accurate 
answer for 50 second snapshots with a peak error of 5°. Table 19 shows the results of using MUSIC 
with EGM. The data includes 585 snapshots that were processed using MUSIC parameterized with 
two sources and 234 snapshots that were processed with the parameter set to one. For all the 
snapshots calculated with the parameter set to a single source, power levels were low for those 
estimations close to the Seewee and high for those estimations close to the air gun. All the 
snapshots with angular directions close to the Seewee were less than 72.7 dB and all the snapshots 
close to the air gun were greater than 76.2 dB. This was a clear dividing line for the power between 
the sources and is reflected in the third row of table 19 with the lowest average MSE.  
 








Entire dataset -20.1 2065.2 819
Dataset Pwr < 70.5 dB -2.8 380.7 555
Dataset Pwr < 67.6 dB 0.4 126 101








Entire dataset -22.2 1779 819
Dataset Pwr < 70.5 dB -7.5 363 555
Dataset Pwr < 67.6 dB -6.4 190 101
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Table 19 Directional error 70 – 84 Hz band for Seewee SSE of vector sensor – MUSIC EGM 
  
 




Table 20 is MUSIC with the parameter set equal to two sources. Since MUSIC is 
automatically separating the two sources, there is minimal gain in terms of MSE by discarding 
higher power snapshots. The smallest error was obtained when 726 of the 819 snapshots were kept, 
with snapshots above 72.7 dB discarded. 
Looking at the spatial spectrograms for this dataset, it is easy to discern the two sources 
and their locations with MUSIC. Figures 46 and 47 show this dataset using MUSIC with EGM for 
50 second snapshots and for 1 second snapshots, respectively. With this geometry of sources, the 
dataset can be processed using MUSIC and the signals naturally separate without having to resort 
to discriminating snapshots by time and power. This is in evidence for the rest of the time that the 
Seewee was on the arc of the 10 km circle, locating two sources in the environment with a single 
vector sensor is possible as long as they are separated sufficiently in azimuthal direction. For this 
case, deterioration in accuracy begins at about 50° of separation. If standard beamforming is used, 









Entire dataset -1.1 754 819
Dataset Pwr < 70.5 dB 6.1 61 555
Dataset Pwr < 72.7 dB 5.9 57 715







Entire dataset 6.4 145 819
Dataset Pwr < 70.5 dB 6.5 142 555
Dataset Pwr < 72.7 dB 6.2 138 726
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a closer analysis of the environment is necessary to achieve the best results, but after reducing the 
datasets both additive and intensity beamforming come close to that of MUSIC. 
 
 






Figure 47 MUSIC with two sources. 70 – 84 Hz band with Seewee SE of vector sensor. One 
second snapshots. 
 
Moving up the frequency band, the air gun has less of an impact on the vector sensor’s 
ability to locate the Seewee and this is reflected in the following tables showing the results of 50 
second snapshots in the band from 100 to 300 Hz. This band is characterized by less interference 
from other sources and the vector sensor is still receiving sufficient energy from the Seewee since 
the frequency is low enough to not be overly attenuated at 10 km distance due to absorption. It is 
the best band to estimate the location of the ship. 
Tables 21 through 24 show the localization of the Seewee broken down by quadrant 
relative to the vector sensor for all three processing methods. Bolded results indicate estimates 
greater than 10° in error. The vector sensor is accurate at locating the Seewee in quadrants I and 
III (tables 21 and 23) with only a few results that are outside the average. In quadrant IV (NW of 
the vector sensor), the beamformed results are steered towards the SW in the direction of the air 
gun, so it is suspected that there is some power over 100 Hz from the air gun that is contributing 
to the estimated error.  
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Comparison of processing methods Seewee at 10 km distance
100 - 300 Hz band. 50 second snapshots. Seewee NE of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:4:34:50 30 34 -4 33 -3 34 -4 34 -4
2015:94:4:35:40 30 33 -3 31 -1 33 -3 35 -5
2015:94:4:34:0 31 34 -3 34 -3 34 -3 34 -3
2015:94:4:33:10 32 37 -5 36 -4 37 -5 37 -5
2015:94:4:32:20 34 39 -5 38 -4 39 -5 39 -5
2015:94:4:31:30 37 41 -4 40 -3 41 -4 41 -4
2015:94:4:30:40 40 42 -2 42 -2 42 -2 42 -2
2015:94:4:29:0 42 47 -5 46 -4 47 -5 47 -5
2015:94:4:29:50 42 44 -2 44 -2 44 -2 44 -2
2015:94:4:28:10 44 49 -5 48 -4 49 -5 49 -5
2015:94:4:27:20 47 51 -4 50 -3 51 -4 51 -4
2015:94:4:26:30 49 53 -4 52 -3 53 -4 53 -4
2015:94:4:25:40 51 54 -3 54 -3 54 -3 54 -3
2015:94:4:24:50 54 56 -2 56 -2 56 -2 56 -2
2015:94:4:24:0 55 59 -4 58 -3 59 -4 59 -4
2015:94:4:23:10 57 60 -3 60 -3 60 -3 60 -3
2015:94:1:25:41 77 80 -3 79 -2 80 -3 80 -3
2015:94:1:26:31 77 78 -1 77 0 78 -1 78 -1
2015:94:1:27:21 78 79 -1 78 0 79 -1 80 -2
2015:94:1:28:11 79 80 -1 79 0 80 -1 80 -1
2015:94:1:29:1 79 80 -1 80 -1 80 -1 80 -1
2015:94:1:29:51 80 81 -1 79 1 81 -1 82 -2
2015:94:1:30:41 81 82 -1 82 -1 82 -1 82 -1
2015:94:1:31:31 82 81 1 64 18 80 2 84 -2
2015:94:1:32:21 84 84 0 85 -1 84 0 84 0
2015:94:1:33:11 86 85 1 88 -2 85 1 85 1
2015:94:1:34:1 88 86 2 92 -4 86 2 86 2
2015:94:1:34:51 88 85 3 88 0 85 3 85 3
2015:94:1:35:41 89 87 2 93 -4 87 2 87 2
2015:94:1:36:31 89 87 2 89 0 86 3 87 2
2015:94:1:37:21 89 147 -58 93 -4 154 -65 77 12
2015:94:1:38:11 89 85 4 92 -3 86 3 85 4
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Comparison of processing methods Seewee at 10 km distance
100 - 300 Hz band. 50 second snapshots. Seewee SE of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:9:1:53 127 121 6 128 -1 122 5 117 10
2015:94:9:1:3 128 129 -1 149 -21 134 -6 119 9
2015:94:9:0:13 129 135 -6 159 -30 143 -14 120 9
2015:94:8:59:23 131 125 6 130 1 125 6 122 9
2015:94:8:58:33 132 130 2 143 -11 132 0 122 10
2015:94:8:57:43 133 141 -8 165 -32 152 -19 121 12
2015:94:8:56:53 135 143 -8 162 -27 150 -15 123 12
2015:94:8:56:3 136 184 -48 181 -45 182 -46 120 16
2015:94:8:55:13 137 150 -13 167 -30 157 -20 125 12
2015:94:8:54:24 138 154 -16 169 -31 161 -23 124 14
2015:94:8:53:34 140 144 -4 158 -18 147 -7 128 12
2015:94:8:52:44 141 143 -2 152 -11 144 -3 130 11
2015:94:8:51:54 142 142 0 148 -6 142 0 133 9
2015:94:8:51:4 143 139 4 141 2 139 4 134 9
2015:94:8:50:14 145 139 6 140 5 139 6 132 13
2015:94:8:49:24 146 147 -1 153 -7 148 -2 133 13
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Comparison of processing methods Seewee at 10 km distance
100 - 300 Hz band. 50 second snapshots. Seewee SW of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:6:4:24 180 184 -4 184 -4 184 -4 185 -5
2015:94:6:3:34 182 180 2 177 5 180 2 183 -1
2015:94:6:2:44 184 182 2 181 3 182 2 183 1
2015:94:6:1:54 186 181 5 176 10 180 6 184 2
2015:94:6:1:4 188 187 1 182 6 186 2 192 -4
2015:94:6:0:14 190 188 2 187 3 188 2 189 1
2015:94:5:59:25 192 188 4 187 5 188 4 190 2
2015:94:5:58:35 194 191 3 186 8 190 4 195 -1
2015:94:5:57:45 195 194 1 188 7 193 2 199 -4
2015:94:5:56:55 197 199 -2 193 4 197 0 202 -5
2015:94:5:56:5 199 199 0 192 7 197 2 202 -3
2015:94:5:55:15 201 203 -2 199 2 202 -1 205 -4
2015:94:5:54:25 203 200 3 193 10 199 4 204 -1
2015:94:5:53:35 205 205 0 202 3 205 0 207 -2
2015:94:5:52:45 207 208 -1 204 3 207 0 209 -2
2015:94:5:51:55 209 210 -1 207 2 210 -1 212 -3
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 MUSIC with EGM was very accurate in quadrant IV except for one snapshot while the 
other three were much less effective, with intensity processing performing the worst. Since EGM 
Comparison of processing methods Seewee at 10 km distance
100 -300 Hz band. 50 second snapshots. Seewee NW of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:10:18:8 301 298 3 301 0 298 3 297 4
2015:94:10:18:58 301 301 0 312 -11 303 -2 299 2
2015:94:10:19:48 301 299 2 315 -14 302 -1 292 9
2015:94:10:20:38 301 297 4 301 0 298 3 296 5
2015:94:10:21:28 301 300 1 307 -6 301 0 298 3
2015:94:10:22:18 301 299 2 306 -5 300 1 297 4
2015:94:10:23:8 301 298 3 303 -2 299 2 296 5
2015:94:10:23:58 301 301 0 322 -21 304 -3 298 3
2015:94:10:24:48 301 299 2 300 1 299 2 298 3
2015:94:10:25:38 301 299 2 306 -5 300 1 297 4
2015:94:10:26:28 301 298 3 310 -9 300 1 295 6
2015:94:10:27:18 301 307 -6 324 -23 311 -10 300 1
2015:94:10:28:8 301 302 -1 313 -12 304 -3 297 4
2015:94:10:28:58 301 301 0 316 -15 303 -2 296 5
2015:94:10:29:48 301 301 0 308 -7 302 -1 298 3
2015:94:10:30:38 301 268 33 253 48 267 34 270 31
2015:94:7:33:9 332 307 25 300 32 305 27 335 -3
2015:94:7:32:19 334 315 19 308 26 314 20 336 -2
2015:94:7:31:29 336 322 14 314 22 320 16 337 -1
2015:94:7:30:39 337 312 25 304 33 309 28 339 -2
2015:94:7:29:49 339 325 14 316 23 324 15 339 0
2015:94:7:28:59 341 333 8 327 14 332 9 341 0
2015:94:7:28:9 342 331 11 323 19 330 12 342 0
2015:94:7:27:19 344 332 12 323 21 331 13 344 0
2015:94:7:26:29 346 340 6 336 10 340 6 345 1
2015:94:7:25:39 348 340 8 333 15 339 9 348 0
2015:94:7:24:49 349 336 13 323 26 334 15 350 -1
2015:94:7:23:59 351 346 5 340 11 345 6 351 0
2015:94:7:23:9 353 348 5 343 10 347 6 353 0
2015:94:7:22:19 355 348 7 340 15 347 8 355 0
2015:94:7:21:29 356 350 6 341 15 349 7 357 -1
2015:94:7:20:39 358 351 7 339 19 350 8 359 -1
77 
 
is better able to handle multiple sources, a second source is the likely reason for the greater error 
in the fourth quadrant. Also, there was a very loud marine mammal sound during the time period 
(10:30:38) where MUSIC EGM had its greatest error of 31°. This can be seen in the following 
spectrogram plot of the time period in question. Consequently, that snapshot can be discarded. 
 
 
Figure 48 Pressure Spectrogram of marine mammal sounds at 2015:94:10:31 
 
 The air gun is the interferer for the other poor estimates in quadrant IV, as can be seen by 
the spatial spectrogram using MUSIC with the source parameter set to one and one second 
snapshots in figure 49. Figure 50 is a spatial spectrogram using the same dataset but from 200 to 





Figure 49 Interference from air gun in 100 to 300 Hz band. 
 
 
Figure 50 No interference in 200 to 300 Hz band. 
 
 Tables 25 and 26 show the results of the large estimated errors in quadrant II and IV 
recalculated using the band from 150 to 300 Hz, excluding the 100 to 150 Hz band. As can be 
seen, the SE and NW results are much better. MUSIC EGM performed slightly worse than 
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previously by excluding the lower portion of the band. The snapshots with the greater errors for 
MUSIC EGM coincided when EGM set the parameter to two sources in the water, which can move 
the source from its actual location, usually away from the second source. 
 




Comparison of processing methods Seewee at 10 km distance
150 - 300 Hz band. 50 second snapshots. Seewee SE of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:9:1:53 127 117 10 115 12 116 11 124 3
2015:94:9:1:3 128 120 8 118 10 119 9 126 2
2015:94:9:0:13 129 123 6 121 8 121 8 129 0
2015:94:8:59:23 131 122 9 120 11 122 9 129 2
2015:94:8:58:33 132 124 8 122 10 123 9 130 2
2015:94:8:57:43 133 124 9 122 11 123 10 131 2
2015:94:8:56:53 135 125 10 123 12 124 11 134 1
2015:94:8:56:3 136 126 10 122 14 125 11 137 -1
2015:94:8:55:13 137 130 7 126 11 129 8 137 0
2015:94:8:54:24 138 130 8 126 12 129 9 140 -2
2015:94:8:53:34 140 133 7 129 11 132 8 140 0
2015:94:8:52:44 141 134 7 132 9 134 7 142 -1
2015:94:8:51:54 142 137 5 134 8 137 5 142 0
2015:94:8:51:4 143 138 5 135 8 137 6 143 0
2015:94:8:50:14 145 139 6 136 9 139 6 146 -1
2015:94:8:49:24 146 140 6 137 9 140 6 148 -2
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 The band from 100 to 300 Hz is shown to be accurate at estimating direction of a source in 
the environment. Care must be taken in analyzing the data first to avoid multiple strong sources 
with a single vector sensor, otherwise beamforming will usually result in estimates lying in 
between the two sources. The best methods I have found to separate sources is performed either in 
time or frequency. In the 50 to 100 Hz band, separation was done in time through the use of 
snapshot power levels. In the 100 to 300 Hz band, separation was done by using MUSIC with 
EGM and/or simply restricting the band so that the interfering source no longer competes with the 
desired source. The environment must be taken into consideration when choosing the method that 
will achieve the best estimate. The error and MSE for the 100 to 300 Hz band is shown in table 
27. Table 28 is the error and MSE for the band from 150 to 350 Hz. 
Comparison of processing methods Seewee at 10 km distance
150 -300 Hz band. 50 second snapshots. Seewee NW of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:7:33:9 332 331 1 335 -3 332 0 325 7
2015:94:7:32:19 334 333 1 336 -2 334 0 328 6
2015:94:7:31:29 336 334 2 336 0 335 1 330 6
2015:94:7:30:39 337 334 3 332 5 334 3 333 4
2015:94:7:29:49 339 337 2 337 2 337 2 333 6
2015:94:7:28:59 341 339 2 341 0 340 1 334 7
2015:94:7:28:9 342 341 1 342 0 341 1 336 6
2015:94:7:27:19 344 343 1 344 0 343 1 343 1
2015:94:7:26:29 346 345 1 345 1 345 1 345 1
2015:94:7:25:39 348 347 1 347 1 347 1 347 1
2015:94:7:24:49 349 348 1 349 0 349 0 349 0
2015:94:7:23:59 351 350 1 351 0 351 0 351 0
2015:94:7:23:9 353 352 1 353 0 352 1 352 1
2015:94:7:22:19 355 354 1 355 0 354 1 354 1
2015:94:7:21:29 356 357 -1 357 -1 357 -1 357 -1
2015:94:7:20:39 358 359 -1 359 -1 359 -1 359 -1
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Table 27 Average and MSE Error for 100 to 300 Hz band. Seewee at 10 km 
 
Table 28 Average and MSE Error for 150 to 300 Hz band. Seewee at 10 km 
 
 
In the upper band, 300 to 400 Hz, the difficulty in estimating direction is due not to an 
interfering source, but to the low SNR of the primary source. Figure 51 compares the spectral 
density in the 300 to 400 Hz band to the noise level when the Seewee and the air gun were not 
operating. As can be seen, the Seewee was about 6 dB greater in power when it was north of the 
vector sensor versus when it was WNW of the vector sensor. If the dashed noise plots are indicative 
of the background noise level when the Seewee was present, then the accuracy of the DOA 
estimation will deteriorate for the time the ship was WNW of the vector sensor. This is indeed the 
case, and is shown in tables 29 through 32. 
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Comparison of processing methods Seewee at 10 km distance
350 - 400 Hz band. 50 second snapshots. Seewee NE of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:4:34:50 30 46 -16 44 -14 46 -16 45 -15
2015:94:4:35:40 30 47 -17 40 -10 47 -17 51 -21
2015:94:4:34:0 31 42 -11 41 -10 43 -12 44 -13
2015:94:4:33:10 32 45 -13 43 -11 45 -13 47 -15
2015:94:4:32:20 34 48 -14 46 -12 47 -13 48 -14
2015:94:4:31:30 37 48 -11 47 -10 48 -11 50 -13
2015:94:4:30:40 40 51 -11 49 -9 51 -11 52 -12
2015:94:4:29:0 42 54 -12 54 -12 54 -12 55 -13
2015:94:4:29:50 42 55 -13 54 -12 55 -13 55 -13
2015:94:4:28:10 44 56 -12 55 -11 56 -12 57 -13
2015:94:4:27:20 47 59 -12 58 -11 59 -12 59 -12
2015:94:4:26:30 49 60 -11 59 -10 60 -11 61 -12
2015:94:4:25:40 51 62 -11 60 -9 61 -10 62 -11
2015:94:4:24:50 54 63 -9 63 -9 64 -10 64 -10
2015:94:4:24:0 55 64 -9 62 -7 65 -10 65 -10
2015:94:4:23:10 57 66 -9 63 -6 66 -9 66 -9
2015:94:1:25:41 77 79 -2 76 1 79 -2 83 -6
2015:94:1:26:31 77 77 0 73 4 77 0 82 -5
2015:94:1:27:21 78 79 -1 79 -1 79 -1 81 -3
2015:94:1:28:11 79 78 1 78 1 79 0 80 -1
2015:94:1:29:1 79 79 0 79 0 79 0 80 -1
2015:94:1:29:51 80 78 2 77 3 79 1 80 0
2015:94:1:30:41 81 91 -10 95 -14 88 -7 80 1
2015:94:1:31:31 82 308 134 345 97 12 70 93 -11
2015:94:1:32:21 84 81 3 78 6 80 4 85 -1
2015:94:1:33:11 86 80 6 78 8 78 8 84 2
2015:94:1:34:1 88 81 7 77 11 81 7 86 2
2015:94:1:34:51 88 85 3 85 3 87 1 85 3
2015:94:1:35:41 89 87 2 93 -4 95 -6 80 9
2015:94:1:36:31 89 80 9 78 11 80 9 84 5
2015:94:1:37:21 89 79 10 79 10 73 16 83 6
2015:94:1:38:11 89 77 12 73 16 75 14 84 5
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Comparison of processing methods Seewee at 10 km distance
350 - 400 Hz band. 50 second snapshots. Seewee SE of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:9:1:53 127 109 18 107 20 109 18 122 5
2015:94:9:1:3 128 109 19 106 22 108 20 126 2
2015:94:9:0:13 129 120 9 118 11 118 11 132 -3
2015:94:8:59:23 131 117 14 112 19 115 16 132 -1
2015:94:8:58:33 132 120 12 118 14 119 13 128 4
2015:94:8:57:43 133 119 14 115 18 118 15 128 5
2015:94:8:56:53 135 119 16 117 18 118 17 132 3
2015:94:8:56:3 136 124 12 121 15 122 14 144 -8
2015:94:8:55:13 137 128 9 123 14 126 11 139 -2
2015:94:8:54:24 138 129 9 125 13 128 10 146 -8
2015:94:8:53:34 140 134 6 130 10 132 8 147 -7
2015:94:8:52:44 141 134 7 129 12 133 8 146 -5
2015:94:8:51:54 142 133 9 125 17 129 13 147 -5
2015:94:8:51:4 143 134 9 127 16 129 14 149 -6
2015:94:8:50:14 145 139 6 134 11 138 7 153 -8
2015:94:8:49:24 146 142 4 138 8 141 5 154 -8
85 
 




Comparison of processing methods Seewee at 10 km distance
350 -400 Hz band. 50 second snapshots. Seewee SW of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:6:4:24 209 199 10 149 60 156 53 206 3
2015:94:6:3:34 207 193 14 148 59 154 53 199 8
2015:94:6:2:44 205 48 157 84 121 63 142 193 12
2015:94:6:1:54 203 166 37 145 58 152 51 184 19
2015:94:6:1:4 201 183 18 150 51 160 41 180 21
2015:94:6:0:14 199 182 17 130 69 120 79 201 -2
2015:94:5:59:25 197 203 -6 195 2 200 -3 204 -7
2015:94:5:58:35 195 172 23 131 64 124 71 209 -14
2015:94:5:57:45 194 170 24 134 60 126 68 190 4
2015:94:5:56:55 192 196 -4 157 35 185 7 182 10
2015:94:5:56:5 190 183 7 178 12 181 9 184 6
2015:94:5:55:15 188 189 -1 165 23 177 11 198 -10
2015:94:5:54:25 186 33 153 47 139 38 148 187 -1
2015:94:5:53:35 184 176 8 69 115 46 138 198 -14
2015:94:5:52:45 182 168 14 116 66 96 86 190 -8
2015:94:5:51:55 180 3 177 9 171 7 173 129 51
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Comparison of processing methods Seewee at 10 km distance
350 -400 Hz band. 50 second snapshots. Seewee NW of vector sensor





DOA Error DOA Error DOA error DOA error
2015:94:10:18:8 301 291 10 287 14 298 3 291 10
2015:94:10:18:58 301 305 -4 35 -94 41 -100 293 8
2015:94:10:19:48 301 277 24 35 -94 49 -108 258 43
2015:94:10:20:38 301 131 170 158 143 148 153 282 19
2015:94:10:21:28 301 286 15 104 -163 110 -169 287 14
2015:94:10:22:18 301 293 8 1 -60 341 -40 285 16
2015:94:10:23:8 301 279 22 162 139 151 150 284 17
2015:94:10:23:58 301 295 6 82 -141 91 -150 285 16
2015:94:10:24:48 301 295 6 298 3 300 1 295 6
2015:94:10:25:38 301 295 6 324 -23 352 -51 290 11
2015:94:10:26:28 301 293 8 36 -95 67 -126 284 17
2015:94:10:27:18 301 304 -3 359 -58 38 -97 280 21
2015:94:10:28:8 301 89 -148 76 -135 88 -147 273 28
2015:94:10:28:58 301 77 -136 68 -127 90 -149 256 45
2015:94:10:29:48 301 36 -95 45 -104 57 -116 194 107
2015:94:10:30:38 301 254 47 248 53 252 49 124 177
2015:94:7:33:9 332 340 -8 359 -27 358 -26 327 5
2015:94:7:32:19 334 343 -9 356 -22 348 -14 333 1
2015:94:7:31:29 336 340 -4 345 -9 342 -6 335 1
2015:94:7:30:39 337 343 -6 346 -9 343 -6 339 -2
2015:94:7:29:49 339 340 -1 342 -3 341 -2 338 1
2015:94:7:28:59 341 344 -3 347 -6 345 -4 340 1
2015:94:7:28:9 342 346 -4 349 -7 347 -5 342 0
2015:94:7:27:19 344 347 -3 349 -5 347 -3 344 0
2015:94:7:26:29 346 349 -3 350 -4 349 -3 347 -1
2015:94:7:25:39 348 351 -3 353 -5 352 -4 348 0
2015:94:7:24:49 349 353 -4 354 -5 353 -4 351 -2
2015:94:7:23:59 351 355 -4 356 -5 355 -4 153 -162
2015:94:7:23:9 353 357 -4 358 -5 357 -4 355 -2
2015:94:7:22:19 355 0 -5 1 -6 360 -5 357 -2
2015:94:7:21:29 356 2 -6 3 -7 2 -6 360 -4
2015:94:7:20:39 358 4 -6 5 -7 4 -6 1 -3
87 
 
These tables show a lot of data, but the main point is that the vector sensor’s ability to 
locate the Seewee has degraded due to the lack of energy reaching the vector sensor in this band. 
The vector sensor is reaching its limit to accurately estimate the direction of the source. Referring 
to the tables, degradation occurs most while the Seewee is WNW and SW of the vector sensor. Of 
the processing methods, additive and MUSIC EGM processing gives the most accurate 
estimations. 
Table 33 is a comparison of the average power level between when the Seewee was north 
of the vector sensor (bottom half of table 32 from 7:25 to 7:29) and when the Seewee was WNW 
of the vector sensor (top half of table 32 from 10:18 to 10:30). These data correspond to when the 
estimate of direction was accurate and when it was not. The table shows the average power level 
in the 350 to 400 Hz band for both time periods. The power calculation used one second snapshots 
with a 1 Hz bin width over the time for each of the datasets.  The power estimate was then 
calculated by taking the average of the bins in that frequency range, dividing by the number of 
time periods, and correcting power for windowing. Also shown in the table are the estimated error 
and the MSE for each time period for additive beamforming. It appears that for this environment, 
the vector sensor’s ability to estimate direction severely degrades when the average power level is 
between 66 and 70 dB referenced to 1 𝜇𝑃𝐴/√𝐻𝑧, though there could be other factors such as 
another source in the water corrupting the estimates. This agrees with figure 51 and the ambient 




Table 33 DOA additive processing estimation error and average power in 350 to 400 Hz band 
    










level (dB ref: 1 
μPa2/Hz)
Seewee WNW of VS -10.6 10074 66




Environmental Noise Sources 
Other sources were also present in the vector sensor data while it was in-water. On April 
8, two passing ships transited very close to the site and provided a high SNR input into the vector 
sensor as seen in figure 52. The SNR for this ship is very high and the vector sensor should give 
an accurate reading across the band. Since the air gun is still sounding, I chose the 150 to 250 Hz 
band and beamformed using MUSIC with the source parameter set to one. Figure 53 shows the 
results across the time period of figure 52 using one second snapshots. The vector sensor’s 
estimation looks very good, with the most error occurring at the beginning of the graphic. As can 
be seen in figure 52 with the upward traveling frequency lines at the beginning, it appears that a 






Figure 52 Spectrogram of passing ship on night of April 8, 2015 
 
 





Figure 54 MUSIC EGM ship one 
 
 
Figure 54 is a MUSIC EGM beamform of the same ship and it shows better results for the 
start of the time period with some coherence occurring between this ship and another one at a 
bearing of approximately 40°.  
A second passing ship was captured two days later on April 10. The spectrogram is shown 
in figure 55 and the MUSIC results using 10 second snapshots are shown in figure 56. From the 
spectral density differences between the beginning and middle time periods in figure 55, it appears 





Figure 55 Spectrogram of ship on morning of April 10, 2015 
 
 
Figure 56 MUSIC passing ship on morning of April 10, 2015 
 
Many animal sounds were also recorded during the in-water test of the vector sensor. 
Figure 57 is a spectrogram of two marine animals communicating. The first sound at 04:59:16 is 
at a bearing of 48° and the second louder sound at 04:59:21 is at a bearing of 22°. In this situation, 
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one marine animal sounded first, then followed by the second animal. This made it easier to 
estimate the direction as the signals were separated in time. A literature search of possible animals 
revealed that while Bryde’s whales inhabit the area where the vector sensor was deployed, these 
are probably toadfish.9,10,15  
 
 
Figure 57 Spectrogram of two marine animals on morning of April 8, 2015 
 
 Figure 58 and 59 show the spectral density and MUSIC beamformed results for the more 
powerful sound at 04:59:21. The power of the sound is sufficiently high so that the confidence in 
the estimation of direction is high.  
 Table 34 shows the beamformed results for the same type of sounds on the morning of 
April 8. All of these sources have very low estimations for elevation, with the highest being 17°. 
This would indicate that the animals are at least a few kilometers distant, or if they are close to the 
vector sensor, near the seafloor.  Given the spread of the estimated directions about the compass 
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and that most of the energy emitted is above 100 Hz, these marine animals are probably fairly 
close (less than 10 km) to the vector sensor at the time they emitted these sounds.  
 
Figure 58 Spectral density of marine animal on morning of April 8, 2015 
   
 




Table 34 Toadfish sounds DOA on morning of April 8, 2015 
 
 
In the weekly spectrograms shown in Chapter 4 there appears to be a diurnal period to the 
ambient background noise. Results were spatially processed when there were no sources perceived 
in the environment, and the vector sensor mostly steers to an average bearing of approximately 
50°, or northeast of the location, both during the day and the night. A typical directional estimate 
using one second snapshots and MUSIC in the 200 to 300 Hz band is shown in figure 60. Figure 
61 is a spectrogram of the same data used in figure 60, and it shows aperiodic plumes of energy 
separated by periods of relative inactivity. These plumes are probably either man made or perhaps 
flow noise induced by currents near the vector sensor, with the plumes occurring when the currents 
peak in intensity.  
 






















Figure 60 MUSIC ambient noise in 200 to 300 Hz band  
 
 




Analysis and Conclusions 
As a directional data collecting system at a single point in-situ, the vector sensor works 
remarkably well. While the directional response pattern is wide compared to multiple sensor 
arrays, it is still able to estimate direction to within 5° when presented with a strong source in a 
low ambient noise environment. With two competing sources, the vector sensor is able to discern 
direction if the sources are sufficiently separated in either time, space, or frequency. The lower 
frequency band (below 400 Hz) gave the most accurate estimates, and the band between 150 to 
300 Hz performed the best overall. Estimates below 150 Hz are as accurate as the 150 to 300 Hz 
band provided there are no competing sources in the environment. Accuracy deteriorates above 
400 Hz. The wideband current noise in the vicinity of the vector sensor may have contributed to 
the lack of performance in the upper band. 
Additive and intensity processing work equally well with high SNR sources, while additive 
processing performs better when the SNR is lower and should be used in those circumstances. 
Competing sources and low SNR require analysis of the noise environment to choose the best 
method to isolate the source to provide the best estimate. The z-axis of the particle velocity sensor 
is not of much use when sources are more than a kilometer away from the vector sensor. 
MUSIC works well in both a one or two signal environment and can separate two sources 
better than additive or intensity spatial processing. MUSIC is superior to standard spatial 
processing at producing data that is easy to understand visually. This is the case because MUSIC 
produces very sharp peaks in the directions of peak intensity while additive and intensity 
processing produce more broad peaks. Using MUSIC along with spectrograms is a quick way to 
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get a general understanding of the signal environment prior to further analysis. MUSIC does not 
provide good estimates when sources are coherent, but coherent sources are easy to identify if at 
least one source is present in the environment over time. 
Since vector sensors are more susceptible to mechanically induced noise, a careful 
examination of the in-situ data is helpful to characterize the vector sensor’s response over 
frequency and direction. A known sound source as an input into the system increases the 
confidence in the vector sensor’s estimation of direction over both frequency and bearing. 
Calculating the actual acoustic impedance across frequency and bearing for the vector sensor is a 
useful tool to assess deficiencies of the particle velocity sensor. If necessary, corrections to the 
data can improve results if the data show sufficient bias towards one axis. If corrections can’t be 
made, knowledge of a deficiency over bearing or frequency can be used to assess data and results. 
Characterizing a vector sensor in-situ provides more confidence in estimations for 
unknown sources. Calculation of SNR for source versus temporally local background noise is 
useful to evaluate the accuracy of a directional estimate. If the source is close in power to the 
background noise, estimations will be less accurate.  
A vector sensor provides more information of the environment not available with a single 
pressure hydrophone. Directional analysis of noise sources, particularly those that are present for 
long periods of time, can be used to gain a better understanding of the nature of these sources and 
to develop methods to improve a system to better overcome and reject these noise sources. In this 
situation, processing to reduce the wide band noise arriving from the northwest may result in better 




 While a single vector sensor is able to discern direction, a vector sensor array of four or 
more elements would be a vast improvement in terms of directional estimation. The narrow beam 
pattern response coupled with the rejection of sources arriving in the opposite azimuthal half plane 
would achieve a better understanding of the directional nature of the environmental noise field. If 
only azimuthal estimates are required, as was the case here, then a four element vector sensor array 
would need 12 sensor elements (hydrophone, x, and y axes). This would decrease the broadside 3 
dB beam width from 130° to about 26°.  
This paper investigated the capabilities of a vector sensor for estimating direction of arrival. 
SNR enhancement is also a feature of a vector sensor (and spatial arrays in general). Analysis of 
the vector sensor’s SNR enhancement in both time and frequency would be a useful exercise to 
determine how close to the theoretical 6 dB enhancement this vector sensor achieves in-situ. 
It would be beneficial to apply other processing techniques to this data, such as iterative 
methods like IAA, and SPICE.11,16 These iterative techniques are based on maximum likelihood 
estimation and sparse matrices and can provide better estimates of direction, some even with 
multiple coherent sources. Instead of assuming white Gaussian noise, a more appropriate noise 
model would need to be developed to account for, for example, the wide band noise emanating 
from the northeast. 
A more thorough analysis of the many different marine animal sounds present can be 
performed for the two months of data collected to classify the local marine life. Since the vector 
sensor was deployed in an area where the small pod of Gulf of Mexico Bryde’s whales are known 
to visit, it would be worthwhile to see if they are evident in the data.  
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If the noise source from the northeast is due to current flow over the vector sensor, it should 
be possible to correlate noise power level to speed of current and gauge how accurate a vector 
sensor can measure current speed and direction. Long term Acoustic Doppler Current Profilers 
(ADCP) usually average currents over time, the vector sensor would be capable of providing long 
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Appendix A  
This appendix contains histogram plots of the probability density function (pdf) for the 





Figure 62 Histogram additive 50 to 100 Hz 
 
 
Figure 63 Histogram intensity 50 to 100 Hz 
 
 




Figure 65 Histogram additive 100 to 150 Hz 
 
 
Figure 66 Histogram intensity 100 to 150 Hz 
 
 




Figure 68 Histogram additive 150 to 200 Hz 
 
 
Figure 69 Histogram intensity 150 to 200 Hz 
 
 




Figure 71 Histogram additive 200 to 250 Hz 
 
 
Figure 72 Histogram intensity 200 to 250 Hz 
 
 





Figure 74 Histogram additive 250 to 300 Hz 
 
 
Figure 75 Histogram intensity 250 to 300 Hz 
 
 





Figure 77 Histogram additive 300 to 350 Hz 
 
 
Figure 78 Histogram intensity 300 to 350 Hz 
 
 




Figure 80 Histogram additive 350 to 400 Hz 
 
 
Figure 81 Histogram intensity 350 to 400 Hz 
 
 




Figure 83 Histogram additive 400 to 450 Hz 
 
 
Figure 84 Histogram intensity 400 to 450 Hz 
 
 





Figure 86 Histogram additive 450 to 500 Hz 
 
 
Figure 87 Histogram intensity 450 to 500 Hz 
 
 





Figure 89 Histogram additive 500 to 550 Hz 
 
 
Figure 90 Histogram intensity 500 to 550 Hz 
 
 





This appendix contains histogram plots of the probability density function (pdf) for the 
estimated errors as a function of azimuthal direction in the 50 to 150 Hz band for each of the three 






Figure 92 Histogram additive 50 to 150 Hz band 0° azimuth 
 
 
Figure 93 Histogram intensity 50 to 150 Hz band 0° azimuth 
 
 





Figure 95 Histogram additive 50 to 150 Hz band 30° azimuth 
 
 
Figure 96 Histogram intensity 50 to 150 Hz band 30° azimuth 
 
 




Figure 98 Histogram additive 50 to 150 Hz band 60° azimuth 
 
 
Figure 99 Histogram intensity 50 to 150 Hz band 60° azimuth 
 
 





Figure 101 Histogram additive 50 to 150 Hz band 90° azimuth 
 
 
Figure 102 Histogram intensity 50 to 150 Hz band 90° azimuth 
 
 





Figure 104 Histogram additive 50 to 150 Hz band 135° azimuth 
 
 
Figure 105 Histogram intensity 50 to 150 Hz band 135° azimuth 
 
 





Figure 107 Histogram additive 50 to 150 Hz band 180° azimuth 
 
 
Figure 108 Histogram intensity 50 to 150 Hz band 180° azimuth 
 
 





Figure 110 Histogram additive 50 to 150 Hz band 210° azimuth 
 
 
Figure 111 Histogram intensity 50 to 150 Hz band 210° azimuth 
 
 





Figure 113 Histogram additive 50 to 150 Hz band 240° azimuth 
 
 
Figure 114 Histogram intensity 50 to 150 Hz band 240° azimuth 
 
 





Figure 116 Histogram additive 50 to 150 Hz band 270° azimuth 
 
 
Figure 117 Histogram intensity 50 to 150 Hz band 270° azimuth 
 
 





Figure 119 Histogram additive 50 to 150 Hz band 300° azimuth 
 
 
Figure 120 Histogram intensity 50 to 150 Hz band 300° azimuth 
 
 





This appendix contains histogram plots of the probability density function (pdf) for the 
estimated errors as a function of azimuthal direction in the 150 to 300 Hz band for each of the 






















Figure 122 Histogram additive 150 to 300 Hz band 0° azimuth 
 
 
Figure 123 Histogram intensity 150 to 300 Hz band 0° azimuth 
 
 





Figure 125 Histogram additive 150 to 300 Hz band 30° azimuth 
 
 
Figure 126 Histogram intensity 150 to 300 Hz band 30° azimuth 
 
 





Figure 128 Histogram additive 150 to 300 Hz band 60° azimuth 
 
 
Figure 129 Histogram intensity 150 to 300 Hz band 60° azimuth 
 
 





Figure 131 Histogram additive 150 to 300 Hz band 90° azimuth 
 
 
Figure 132 Histogram intensity 150 to 300 Hz band 90° azimuth 
 
 





Figure 134 Histogram additive 150 to 300 Hz band 135° azimuth 
 
 
Figure 135 Histogram intensity 150 to 300 Hz band 135° azimuth 
 
 





Figure 137 Histogram additive 150 to 300 Hz band 180° azimuth 
 
 
Figure 138 Histogram intensity 150 to 300 Hz band 180° azimuth 
 
 





Figure 140 Histogram additive 150 to 300 Hz band 210° azimuth 
 
 
Figure 141 Histogram intensity 150 to 300 Hz band 210° azimuth 
 
 





Figure 143 Histogram additive 150 to 300 Hz band 240° azimuth 
 
 
Figure 144 Histogram intensity 150 to 300 Hz band 240° azimuth 
 
 





Figure 146 Histogram additive 150 to 300 Hz band 270° azimuth 
 
 
Figure 147 Histogram intensity 150 to 300 Hz band 270° azimuth 
 
 





Figure 149 Histogram additive 150 to 300 Hz band 300° azimuth 
 
 
Figure 150 Histogram intensity 150 to 300 Hz band 300° azimuth 
 
 





This appendix contains histogram plots of the probability density function (pdf) for the 
estimated errors as a function of azimuthal direction in the 300 to 450 Hz band for each of the 






















Figure 152 Histogram additive 300 to 450 Hz band 0° azimuth 
 
 
Figure 153 Histogram intensity 300 to 450 Hz band 0° azimuth 
 
 





Figure 155 Histogram additive 300 to 450 Hz band 30° azimuth 
 
 
Figure 156 Histogram intensity 300 to 450 Hz band 30° azimuth 
 
 





Figure 158 Histogram additive 300 to 450 Hz band 60° azimuth 
 
 
Figure 159 Histogram intensity 300 to 450 Hz band 60° azimuth 
 
 





Figure 161 Histogram additive 300 to 450 Hz band 90° azimuth 
 
 
Figure 162 Histogram intensity 300 to 450 Hz band 90° azimuth 
 
 





Figure 164 Histogram additive 300 to 450 Hz band 135° azimuth 
 
 
Figure 165 Histogram intensity 300 to 450 Hz band 135° azimuth 
 
 





Figure 167 Histogram additive 300 to 450 Hz band 180° azimuth 
 
 
Figure 168 Histogram intensity 300 to 450 Hz band 180° azimuth 
 
 





Figure 170 Histogram additive 300 to 450 Hz band 210° azimuth 
 
 
Figure 171 Histogram intensity 300 to 450 Hz band 210° azimuth 
 
 





Figure 173 Histogram additive 300 to 450 Hz band 240° azimuth 
 
 
Figure 174 Histogram intensity 300 to 450 Hz band 240° azimuth 
 
 





Figure 176 Histogram additive 300 to 450 Hz band 270° azimuth 
 
 
Figure 177 Histogram intensity 300 to 450 Hz band 270° azimuth 
 
 





Figure 179 Histogram additive 300 to 450 Hz band 300° azimuth 
 
 
Figure 180 Histogram intensity 300 to 450 Hz band 300° azimuth 
 
 





This appendix contains histogram plots of the probability density function (pdf) for the 
estimated errors as a function of azimuthal direction in the 450 to 550 Hz band for each of the 






















Figure 182 Histogram additive 450 to 550 Hz band 0° azimuth 
 
 
Figure 183 Histogram intensity 450 to 550 Hz band 0° azimuth 
 
 





Figure 185 Histogram additive 450 to 550 Hz band 30° azimuth 
 
 
Figure 186 Histogram intensity 450 to 550 Hz band 30° azimuth 
 
 





Figure 188 Histogram additive 450 to 550 Hz band 60° azimuth 
 
 
Figure 189 Histogram intensity 450 to 550 Hz band 60° azimuth 
 
 





Figure 191 Histogram additive 450 to 550 Hz band 90° azimuth 
 
 
Figure 192 Histogram intensity 450 to 550 Hz band 90° azimuth 
 
 





Figure 194 Histogram additive 450 to 550 Hz band 135° azimuth 
 
 
Figure 195 Histogram intensity 450 to 550 Hz band 135° azimuth 
 
 





Figure 197 Histogram additive 450 to 550 Hz band 180° azimuth 
 
 
Figure 198 Histogram intensity 450 to 550 Hz band 180° azimuth 
 
 





Figure 200 Histogram additive 450 to 550 Hz band 210° azimuth 
 
 
Figure 201 Histogram intensity 450 to 550 Hz band 210° azimuth 
 
 





Figure 203 Histogram additive 450 to 550 Hz band 240° azimuth 
 
 
Figure 204 Histogram intensity 450 to 550 Hz band 240° azimuth 
 
 





Figure 206 Histogram additive 450 to 550 Hz band 270° azimuth 
 
 
Figure 207 Histogram intensity 450 to 550 Hz band 270° azimuth 
 
 





Figure 209 Histogram additive 450 to 550 Hz band 300° azimuth 
 
 
Figure 210 Histogram intensity 450 to 550 Hz band 300° azimuth 
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